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Introduction
The year 2003 to 2004 was the second year of the Methodist Research Institute's Breast Cancer
Research Training Program funded by the US Army Medical Research and Materiel Command.
The purpose of the Breast Cancer Research Training Program is to recruit, train, and provide the
opportunity for well-qualified college science and premedical students to work on a biomedical
research project in breast cancer with a medical researcher. Our goal is to instill in the students a
passion for and commitment to breast cancer research as a career. This training was
accomplished during the months of May through August 2004.

This report describes the training and research accomplishments of the 2004 program, including
reportable outcomes such as manuscripts, abstracts, and presentations. The first section of the
body of the report will describe the students and preceptors, and their research projects. The next
section will list training accomplishments, and the final section will define the reportable
outcomes of the program. The appendix includes manuscripts, an abstract presented orally at the
2005 Experimental Biology meeting, abstracts of the projects, printouts of the presentations from
Presentation Day, and the lecture schedule.

Body
Planning for the Breast Cancer Research Training Program began in November with
development of application materials and student recruitment. The application due date was
February 16 and students were offered positions in late March to early April. Students began the
program on May 24th and the program ended August 13th. Presentation Day was moved up to
August 6 because first-year medical students needed to leave the following week for orientation
to their medical school programs.

Eleven applicants to the 2004 program expressed a specific interest in breast cancer research.
Thirteen other applicants expressed an interest in cancer research and were also considered for
the Breast Cancer Research Training Program. Three of the applicants to the program were from
underrepresented minorities. We interviewed seven candidates for two positions in the program
(three students from the 2003 program returned for a second year in the 2004 program).

The following list presents the students who were ultimately chosen, the college or university
attended, their class status at the time of their participation, and their BCRT program
preceptor(s):

Student Class and Institution Preceptor
Brian Bock Senior, Valparaiso University Daniel Sliva

Jennifer Griffith First Year, Washington University Thomas Kovala
School of Medicine

Laura Sech First Year, Indiana University School Rafat A. Siddiqui/Gary
of Medicine P. Zaloga

Chelimo Yego (minority) Graduate, Eastern University Carlos A. Labarrere
Heidi Yount First Year, Wright State University Rafat A. Siddiqui/Gary

School of Medicine P. Zaloga

Three of these students had been accepted into medical school, one of them in the MD/PhD
Program at Washington University in St. Louis.

4



Training Accomplishments According to the Statement of Work

Task 1: Recruitment of undergraduate students interested in breast cancer research
training

"* October 2003: Program application updated and information materials prepared and
uploaded onto the website

"• October through November 2003: Information packages with application materials to
students, colleges/universities, and community leaders mailed. Application packages and
brochures were mailed out in response to requests for applications.

"• December 2003: Follow-up phone calls were made and brochures were sent out to
promote the Breast Cancer Research Training Program at Methodist Research Institute.

Task 2. Selection of students to participate in the Breast Cancer Research Training
Program

"* February 17, 2004: All applications received by February 17, 2004 or with a postmark of
February 17, 2004 were considered for the program.

"* March 5, 2004 to March 24, 2004: The Selection and Interviewing Committee chose
prospective candidates and interviewed them.

"* March 24, 2004: Interviews with students were completed and committee members chose
two students to participate in the Breast Cancer Research Training Program and matched
them with BCRTP preceptors.

"* March 24 to April 1, 2004: Selected students were notified of their acceptance to the
program.

Task 3: Breast Cancer Research Training Program

"* May 24, 2004: Students began the Methodist Research Institute Breast Cancer Research
Training Program.

"* Students attended seven lectures between June 4, 2004 and July 30, 2004. See appendix
for lecture topics and schedule.

"* From May 26, 2004 to August 4, 2004, students conducted breast cancer research under
the guidance of their preceptors. This training included weekly meetings of all students
and preceptors in the program.

"* Students attended a lecture on writing research papers; preceptors guided their students in
writing their research papers.

"* Preceptors guided students in their preparation of oral presentations; students presented
their projects informally to other students at weekly meetings.

"* August 5, 2004: All students participated in rehearsal for Presentation Day.
"* August 6, 2004: All students delivered oral presentations of their projects to an audience

of researchers at Methodist Hospital.
"* August 6, 2004: All students turned in their research papers.

Because three of the five students in the Breast Cancer Research Training Program were entering
medical school in August, Presentation Day had to be moved up by one week to accommodate
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their orientation schedules. However, students were encouraged to continue work on their

projects for the duration of the program until August 13, 2004.

Task 4. Evaluation of the program

* August 5, 2004: Students turned in evaluation forms for the program,
* August 19, 2004: Program Coordinator wrote a final evaluation of the program.
* September 2004: Program Director and Coordinator met to review the evaluation.
a Program Director and Coordinator developedplansfor improvement of the program

based on the evaluation.

Key Research Accomplishments

Research Accomplishments
The following paragraphs describe the projects undertaken in the 2004 Breast Cancer Research
Training Program and the results of those projects.

Project 1. Inhibition of breast cancer growth with Ganoderma lucidum.
Brian Bock and Dr. Daniel Sliva, Cancer Research Laboratory at the Methodist Research
Institute, investigated the activity of epidermal growth factor receptor (EGFR) after treatment of
MDA-MB-231 and MCF-7 breast cancer cells with Ganoderma lucidum (GL), an ancient
Chinese medicinal mushroom. Both types of cells are known to express some of the EGFR
family of tyrosine kinase receptors. It was anticipated that phosphorylation levels of some
EGFR family members would be decreased by treatment with GL. GL treatment was then
applied to a nude mice animal model (no US Army MRMC funds were used to purchase animals
or animal products for this project). Nude mice were injected with MDA-MB-231 breast cancer
cells and randomized into three groups: control (placebo); 100 mg/kg GL; and 500 mg/kg GL.
Results showed that 100 mg/kg was effective in inhibiting tumor growth compared to control.
Results were inconclusive at 500 mg/kg because of the death of some of the mice. However, it
can be concluded that GL can be a potential inhibitor of tumor growth in highly invasive breast
cancer cells.

Project 2. Effect of kinase inhibitors on ERK activity in breast cancer cells.
Jennifer Griffith worked with Dr. A. Thomas Kovala to test the ability of various compounds to
directly inhibit ERK activity in the mitogen-activated protein kinase (MAPK) pathway and to
sensitize breast cancer cells to apoptosis. ERK has been found to be activated in two highly
aggressive breast cancer cell lines: MDA-MD-231 and MDA-MB-468. In contrast, in relatively
normal (MCF-10) and less invasive (MCF-7) cell lines, ERK activity is regulated normally.
Three compounds were tested for their ability to change the regulation of ERK in the highly
invasive breast cancer cell lines: AG1296; SU1498; and AG1007. AG1296 was found to inhibit
ERK phosphatase activity, while ERK kinase activity was not affected. SU1498 was found to
increase apoptosis in both highly aggressive breast cancer cell lines, though it is not uniformly
effective. AG1007 did not induce an increase in apoptosis in any of the cell lines. Thus,
SU1498 remains the kinase inhibitor with the greatest potential in cancer treatment.
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Project 3. Omega-3 fatty acids, apoptosis, and membrane organization.
Laura Sech worked with Drs. Gary Zaloga and Rafat Siddiqui investigating the role of omega-3
fatty acids in inducing apoptosis in MDA-MB-231 breast cancer cells. In last year's project,
Laura found that the most effective omega-3 fatty acid supplements showed high amounts of
methylated forms of docosahexaenoic acid (m-DHA) and eicosapentaenoic acid (m-EPA). The
present study tested the hypothesis that m-DHA and m-EPA may be more effective in inducing
apoptosis in breast cancer cells than the nonmethylated forms. Results showed that, contrary to
the hypothesis, omega-3 fatty acids in their free form seem to be more cytotoxic to breast cancer
cells than either the methyl or ethyl forms. In a second study, the role of omega-3 fatty acids in
phase separation from lipid rafts was examined in vivo. It has been shown using biophysical
measurement in vitro that omega-3 fatty acids influence the organization of the plasma
membrane by phase separating into lipid raft molecules. In the present study, it was
hypothesized that various fatty acids would be localized into nonraft domains-as opposed to
raft domains. This was determined using the biochemical detergent extraction method in breast
cancer cells. In accordance with the hypothesis, EPA, retinol, and DHA were localized
predominantly in the nonraft regions.

Project 4. Effects of C-reactive protein (CRP) and CRP peptide (RS83277) on activation of NF-
icfB and upregulation of uPA and uPAR.
C-reactive protein (CRP) is an acute-phase protein released in the liver in response to inflam-
mation. Chelimo Yego and Dr. Carlos Labarrere hypothesized that the CRP peptide RS83277
increases MDA-MD-231 breast cancer cell growth by activating the nuclear factor-kappa B (NF-
i.B) and by subsequently upregulating urokinase plasminogen activator (uPA) and its receptor
uPAR. The investigators concluded that CRP and CRP peptide RS83277 may promote the
growth of breast cancer cells as secretion of uPA is increased. Activation of NF-icB will
consequently promote the upregulation of uPA and uPAR, resulting in increased migration,
adhesion, and invasion of cells.

Project 5. Role of the calpain proteol3tic pathway in breast cancer-induced cachexia.
In a study continuing from the 2003 Summer Student Research Program, Heidi Yount and Drs.
Gary Zaloga and Rafat Siddiqui examined whether two omega-3 fatty acids, docosahexaenoic
acid (DHA) and eicosapentaenoic acid (EPA), inhibit the epidermal growth factor (EFG)
receptor, and hence, activation of the calpain pathway. The calpain pathway is relevant to cancer
research because it is the initial step for muscle catabolism, such as in cancer-induced cachexia.
Skeletal muscle cells were treated with growth media alone and with growth media from MDA-
MD-231 breast cancer cells. Results showed that DHA decreased proteolysis of skeletal muscle
cells treated with media alone and media from MDA-MB-231 cells containing proteolysis-
inducing factor. Gelatin zymography studies were not complete at the time, but the results were
expected to show a decrease in the amount of calpain protease activity in the cells treated with
DHA, supporting the conclusion that DHA inhibits proteolysis by modulating the calpain
proteases. Results for the effect on activation of the EGF receptor were inconclusive.
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Reportable Outcomes (Students' names are in bold; preceptors' names are in italics)

Manuscripts
Wu M, Harvey KA, Welch ZR, Sech L, Jackson K, Stillwell W, Zaloga GP, Siddiqui RA.
Omega-3 fatty acids attenuate breast cancer growth through activation of a sphingomyelinase-
mediated pathway. Int J Cancer. (in press).

Boguslawski G, McGlyn PW, Griffith J, Harvey KA, Kovala AT. SU1498, an inhibitor of
vascular endothelial growth factor receptor 2 and ERKI/2, prevents dephosphorylation of
phospho-ERK and promotes apoptosis. (under revision)

Abstracts
Student abstracts published in the 2004 Summer Student Research Program Presentation Day
Program (see appendix).

Presentations
Siddiqui RA, Wu M, Harvey KA, Welch ZR, Sech L, Jackson K, Stillwell W, Zaloga GP.
Omega-3 fatty acids attenuate breast cancer growth through activation of a sphingomyelinase-
mediated pathway. FASEB J. 2004;19:A1693 (oral presentation at Experimental Biology
Meeting). *Student's name left out in journal (see appendix)

Siddiqui RA, Wu M, Ruzmetov N, Harvey KA, Welch ZR, Sech L, Jackson K, Zaloga GP,
Stillwell W. Neutral sphingomyelinase mediates inhibitory effects of omega-3 polyunsaturation
on breast cancer development. To be presented at the American Institute for Cancer Research
International Research Conference on Food, Nutrition, and Cancer, July 14-15, 2005,
Washington, DC

Student presentations presented at the 2004 Summer Student Research Program Presentation
Day (see appendix).

Conclusions
We recruited and selected 5 individuals for the 12-week Breast Cancer Research Training
Program at the Methodist Research Institute (MR1). Trainees attended lectures dealing with
research design, statistics, ethics, and research reporting. Trainees developed and worked on
individual research projects under the supervision of a mentor. Each trainee significantly
contributed to larger breast cancer research projects. Three of five projects dealt with dietary
modulation of breast cancer cell growth and progression and showed that both Ganoderma
lucidum (a Chinese mushroom) and omega-3 polyunsaturated fatty acids have anticancer effects.
Another project evaluated the effects of C-reactive protein (a proinflammatory peptide) upon
signaling pathways involved in cancer cell growth. CRP was found to promote signaling
associated with tumor progression. A final study evaluated the effect of ERK inhibition upon
cancer cell apoptosis. A specific ERK inhibitor promoted apoptosis. The knowledge obtained
from these studies contributed significantly to ongoing studies at MRI and contributes to our
knowledge of dietary effects upon breast cancer progression. One study has been accepted for
publication and an additional submitted manuscript is being revised. A third manuscript dealing
with muscle proteolysis is being prepared for publication. Three of our students have entered
medical school this year. To date, they continue to maintain an interest in breast cancer.
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2004 PARTICIPANT ABSTRACTS

Brian Bock Preceptor: Daniel Sliva, PhD
Valparaiso University Cancer Research Laboratory,

Methodist Research Institute

INHIBITION OF BREAST CANCER GROWTH WITH GANODERMA LUCIDUM

Ganoderma lucidum (Reishi) is an ancient oriental medical mushroom that has been used for the
treatment and prevention of many diseases, including cancer. The highly invasive (MDA-MB-
231) breast cancer cells and the less-invasive (MCF-7) breast cancer cells are known to express
some of the epidermal growth factor receptor (EGFR) family of tyrosine kinase receptors
(EGFR/ErbBl/HERl, ErbB2/HER2, ErbB3/I-ER3). The biological effects of those receptors are
exerted through the interaction with a specific ligand, which results in the phosphorylation of the
EGFR family. The signaling is further mediated through phosphatidylinositol 3-kinase (P13K)
and mitogen-activated-protein kinase (MAPK) pathways. Both P13K and MAPK activate the
expression of transcription factors NF-KcB and AP- 1.

We have shown that treatment ofMDA-MB-231 cells with Ganoderma lucidum inhibits the
activity of NF-rB through the P13K pathway. Inhibition of NF-r.B leads to the inhibition of cell
migration and proliferation, in which the EGFR family is involved. We are interested in looking
at EGFR family activity after Ganoderma lucidum treatment.

Therefore, we treated MDA-MB-231 and MCF-7 cells with Ganoderma lucidum for different
times (15, 30, 60, 120, and 240 minutes). Total proteins were extracted and the expression of
EGFRs and phophorylated EGFRs was determined by Western blot analysis. It is anticipated
that the level of phosphorylation of some of the EGFR family members will be decreased by
treatment with Ganoderma lucidum.

The second part of the project was to apply the Ganoderma lucidum treatment to an in vivo trial.
MDA-MB-231 cells were injected subcutaneously in nude mice. After tumor formation, the
mice were randomized into three groups to receive either a placebo, 100 mg/kg of Ganoderma
lucidum, or 500 mg/kg of Ganoderma lucidum. Ganoderma lucidum was administered by
gavage every other day for a five week period. The volume of the tumors was measured three
times a week and compared among the three groups. Compilation of volumes as a function of
time showed inhibition of tumor growth in the 100 mg/kg group compared to the control
(p<0.02 3). However, the 500 mg/kg group gave inconclusive results due to the death of some of
the mice (p<0.297). Therefore, Ganoderma lucidum can be regarded as a potential inhibitor of
the growth of highly invasive human breast cancers.

Brian's participation in the Breast Cancer Research Training Program was supported by grant
#BC020180 from the Department of the Army Medical Research and Materiel Command.

Brian is a senior Biology & Chemistry major at Valparaiso University. He is in the process of
applying to medical school.



2004 PARTICIPANT ABSTRACTS

Jennifer Griffith Preceptor: A. Thomas Kovala, PhD
Indiana University-Bloomington Experimental Cell Biology Laboratory,

Methodist Research Institute

EFFECT OF KINASE INHIBITORS ON ERK ACTIVITY AND APOPTOSIS IN
BREAST CANCER CELLS

Signaling pathways are responsible for many cellular processes, including growth, proliferation,
and apoptosis. Tumorigenic phenotypes may develop when the regulation of these pathways is
disrupted. One such pathway often implicated in human cancers is the mitogen-activated protein
kinase (MAPK) pathway, which includes the signaling molecules Ras, Raf, MEK, and ERK. In
two highly aggressive breast cancer cell lines (MDA-MB-231 and MTDA-MB-468), ERK is
constitutively activated, while the relatively normal (MCF- 1 0A) or poorly tumorigenic (MCF-7)
cell lines have normal regulation of ERK activation. A compound with the ability to change the
regulation of ERK would therefore have potential in the treatment of cancer. The kinase
inhibitor SU1498 has been found to cause an accumulation of phosphorylated ERK by blocking
the dephosphorylation of ERK and by directly inhibiting ERK activity. SU1498 also sensitizes
breast cancer cells to apoptosis. Based on the observation that AG1296, another kinase inhibitor,
also causes accumulation of hyperphosphorylated ERK, we hypothesized that AG1296 would
also directly inhibit ERK activity and sensitize breast cancer cells to apoptosis induced by serum
starvation. An assay for ERK activity, which measured the amount of phosphorylated Elk-1
product, showed that AG1296 did not directly inhibit ERK. Several kinase inhibitors structurally
similar to either SU1498 or AG1296 were also screened for the ability to inhibit ERK. Of those
screened, only AGI 007 showed significant inhibition of ERK. The potential of the inhibitors
SU1498 and AG1007 to sensitize cells to apoptosis was also tested. As was previously known,
SU1498 increased apoptosis induced by serum starvation in the highly invasive MDA-MB-231
cells, while causing no change in the poorly invasive MCF-7 cells. SUI 498 was also found to
have no effect on the relatively normal MCF- 1 GA cells, and to slightly increase apoptosis in
MDA-MB-468 cells. In contrast, none of the four cell lines showed a significant increase in
apoptosis when treated with AG1007. From these results, we conclude that the accumulation of
hyperphosphorylated ERK that occurs upon treatment with AG1296 is probably due to inhibition
of ERK phosphatase activity, while ERK kinase activity is not affected. Therefore this
compound is not likely to be effective in increasing apoptosis in breast cancer cells. SU1498
was found to increase apoptosis in both highly aggressive breast cancer cell lines, though it is not
uniformly effective. This effect is unique to the compound SU1498, since treatment with
another ERK inhibitor, AGI 007, did not induce an increase in apoptosis in any of the cell lines.
Thus, SU1498 remains the kinase inhibitor with the greatest potential in cancer treatment.

Jennifer's participation in the Breast Cancer Research Training Program was supported by grant
#BC020180 from the Department of the Army Medical Research and Materiel Command.

Jennifer graduated from Indiana University this May... at least, we think she did, since a
diploma has yet to be seen. In any case, beginning next week you can find her in St. Louis,
where she will be pursuing an MD/PhD dual degree at Washington University School of



Medicine for the next eight (or nine, or twelve) years. She promises to treat all her visitors to a
slice of St. Louis' finest gooey butter cake and a tour of Forest Park. As a three-time veteran of
the SSRP, Jennifer would like to thank the researchers and staff at MRI for a wonderful
experience and to assure them that this summer really will be her last.
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2004 PARTICIPANT ABSTRACTS

Laura Sech Preceptors: Rafat Siddiqui, PhD and Gary
Indiana University School of Medicine Zaloga, MD

Cellular Biochemistry Laboratory
Methodist Research Institute

OMEGA-3 FATTY ACIDS, APOPTOSIS, AND MEMBRANE ORGANIZATION

INTRODUCTION: It is becoming increasingly clear that dietary intake of omega-3 fatty acids
may have profound health benefits for various disease states, including cancer. We investigated
two distinct hypotheses regarding the role of omega-3 fatty acids in their ability to induce
apoptosis of MDA-231 breast cancer cells. (i) Based upon a previous investigation, it was
concluded that certain compositions of w,-3 fatty acid supplements were more effective in killing
breast cancer cells. A molecular species analysis revealed that the most effective supplements
showed high amounts of the methylated forms of the omega-3 fatty acids docosahexaenoic acid
(m-DHA) and eicosapentanoic acid (m-EPA). Here we tested the hypothesis that m-DHA and
m-EPA may be more cytotoxic than the nonmethylated DHA and EPA in inducing apoptosis in
breast cancer cells. Data from such studies will provide a foundation for manufacturing
supplements that might improve cancer therapy. (ii) We also investigated the role of omega-fatty
acids at a fundamental molecular level. Previous biophysical measurements in vitro have
demonstrated that omega-3 fatty acids influence the organization of the plasma membrane by
phase separating from lipid raft molecules, which may have profound implications for signaling
and apoptosis. Lipid rafts are sphingolipid-cholesterol-rich lipid microdomains that accumulate
predominantly saturated acyl chains and generally serve as platforms for cellular signaling
events. In the present study, we tested the role of omega-3s in phase separation from lipid rafts
in vivo. We examined the localization of various fatty acids into raft vs. non-raft domains using
the biochemical detergent extraction method in breast cancer cells. These findings have
implications for the role of omega-3 fatty acids in influencing the architecture of the plasma
membrane and thereby its function.

METHODS: (i) MDA-231 breast cancer cells were cultured in T75 flasks and then incubated
for 24 hr in 96-well plates with increasing concentrations (0-200M) of various fatty acids
including EPA, m-EPA, DHA, or m-DHA. These plates were then subjected to cell viability
measurements using WST-1 or LDH assays. (ii) To analyze localization of fatty acids into raft
vs. non-raft domains, a cold detergent extraction method was used. Cultured MDA-231 cells
were treated with either 25 ItM EPA, DHA, arachidonic acid (AA), oleic acid (OA), palmitic
acid (PA), cholesterol (CHOL), or retinol spiked with trace amounts of the appropriate
radioactive lipid for 24 hr. Cells were scraped and incubated in the presence of 1% Triton X-100
and subsequently placed in a sucrose gradient consisting of 5-35% sucrose in buffer. Sucrose
gradients were then subjected to centrifugation at 200,000 g for 20 hr at 4 'C. Fractions of 1 mL
each were collected, and 50 jL of each isolated sucrose gradient fraction containing trace
amount of radioactivity was placed in a scintillation vial and counted using a Beckman
scintillation counter (LS 6000 IC).



RESULTS: (i) Cell viability results indicate that omega-3 fatty acids in their free form seem to
be more cytotoxic for breast cancer cells than the methyl or ethyl form, contrary to our
hypothesis. (ii) Our detergent extraction studies established that our controls (PA and CHOL)
were localized to raft fractions (fractions 4-6) in breast cancer cells. In agreement with our
hypothesis, EPA, retinol, and DHA were localized predominantly (-90%) in the non-raft regions
(fractions 8-12). AA and OA were largely found in the non-raft phase but contained a higher
portion of radioactivity in raft fractions 4-6 than either DHA or EPA, consistent with predictions
from previous in vitro biophysical studies.

CONCLUSIONS: It appears that the esterified omega-3 fatty acids do not seem to be the
rationale behind greater potency of certain supplements. This suggests that other components of
the supplements may be responsible for apoptosis. The detergent extraction experiments were
useful in determining how various fatty acids might localize in the plasma membrane, thus
promoting phase separations into raft and non-raft domains. This may have implications for
protein mediated signaling events that display affinities for raft and non-raft domains.

Laura's participation in the Breast Cancer Research Training Program was supported by grant
#BC020180 from the Department of the Army Medical Research and Material Command.

Laura will begin her first year of medical school this August at the Indiana University School of
Medicine here in Indianapolis. In May, Laura graduated from The University of Notre Dame as
a Spanish and Science Preprofessional major. She hopes to combine her love for Spanish with
her career as a physician. Her Spanish mentors at Methodist Research Institute include the group
collectively known as the "Spanish Mafia" as well as her college professors. She would like to
give a special thank you to Rafat Siddiqui for his support of her work as well as to Karen Spear
and Dr. Zaloga for their involvement in the program. Furthermore, Laura thanks her wonderful
parents who have always taken an interest in her education (even though they are not present
today). Most importantly, Laura is forever indebted to Methodist Research Institute not simply
for giving her this wonderful research opportunity but also for introducing her to Raz, her
boyfriend of one year.



2004 PARTICIPANT ABSTRACTS

Chelimo Yego Preceptors: Carlos Labarrere, MD, and
Eastern University Miguel Ortiz, D VM

Experimental Pathology Laboratory,
Methodist Research Institute

EFFECTS OF CRP AND CRP PEPTIDE (RS 83277) ON ACTIVATION OF NFKB AND
UPREGULATION OF uPA AND uPAR

Introduction: C-reactive protein (CRP) is an acute phase protein released in the liver in
response to various inflammatory cytokines. CRP binds to damaged cellular tissues and
components, serving as an opsonin that prepares debris for phagocytosis and clearance by
macrophages and leucocytes; thus, levels of CRP intensify or diminish rapidly with the increase
or decrease in infections, inflammation, and trauma. The precise biological functions of CRP
and its correlation to cancer and cancer progression are not clear. However, various CRP
properties are consistent with its binding to various pathogenic microorganisms and damaged
cells to mediate phagocytosis and activation of classical complement pathways-a group of three
biochemical pathways that contribute to body defense. CRP peptide RS 83277 is a synthetic
peptide derived from the amino acid site 175-184 of CRP. Various studies have shown that the
peptide has antitumor effects through the activation of human monocytes and alveolar
macrophages. We hypothesized that the CRP peptide RS 83277 increases breast cancer cell
growth (in vitro) through activation of transcription factor nuclear factor-kappa B (NFkB) and
subsequent upregulation of uPA and its receptor uPAR, respectively.

Methods: A highly invasive breast cancer cell line (MDA-MB-231) was grown in media
completed with fetal bovine serum until the cells were approximately 90% confluent. Prior to
treatment, cells were starved by replacing the complete media with serum-free media. Cells
were then treated by supplementing them with 0 /g/ml CPR, 10 ftg/ml CPR, 50 tLg/ml CRP, 100
tig/ml CRP, 0 Ag/ml peptide, 10 fg/ml peptide, 50 pg/ml peptide ,100 tg/ml peptide, 0 /tg/ml
CPR + peptide, 10 1g/ml CPR + peptide, 50 jg/ml CPR + peptid, and 100 /zg/ml CRP + peptide
and thereafter incubated for 4 hours. Western blots were used for the analysis of uPA and uPAR
levels using uPA and uPAR antibodies for both the treated cells and media concentrated through
centrifugation filtration. Cell extracts from the treated cells were used to perform an enzyme-
linked immunosorbent assay, which determines the activation of NFkB. The Alexa Fluor 488
goat-anti-mouse IgG antibody, cytospin and immunocytochemistry was used to localize the CRP
and peptide proteins.

Results: Expected results would show that the cells treated with 10 jig/ml CPR, 50 Ag/ml 100
Ag/ml CRP, 10 /g/ml peptide, 50 jg/ml peptide, 100 jg/ml peptide, 10 ptg/ml CPR + peptide, 50
jig/ml CPR + peptide, and 100 14g/ml CRP+ peptide would have an increase in the amount of
uPA observed on Western blots, cytospin and immunocytochemistry, as compared to the cells
not treated with either CRP or peptide. The cells treated with greater concentrations of CRP,
peptide, and both CRP and peptide will have higher levels of uPA. Cells treated with the peptide
as well as CPR+ peptide are expected to have an equal amount of uPA produced as cells treated
with CRP and this would be indicated by similar sizes in the bands of the Western blots.



Cells treated with CRP, CRP + peptide ,and the peptide alone are expected to have higher levels
of NFkB activation when compared to the control cells. The cells with greater concentrations of
the incubated proteins will have higher levels of NFkB activation. Cells treated with the peptide
may increase the level of NFkB, uPA, and uPAR.

Conclusion: C-reactive protein and CRP peptide (RS 83277) may promote the growth of breast
cancer cells as secretion of urokinase plasminogen activator is increased. Activation of the
nuclear factor kappa B will consequently promote the upregulation of uPA and uPAR, resulting
in increased migration, adhesion, and invasion of cells.

Chelimo's participation in the Breast Cancer Research Training Program was supported by grant
#BC020180 from the Department of the Army Medical Research and Materiel Command.

Chelimo graduated from Eastern University in May 2004. She is currently planning on working
in the research field for a year before attending dental school.
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ROLE OF THE CALPAIN PROTEOLYTIC PATHWAY IN CANCER-INDUCED
CACHEXIA

Introduction:
The calpain proteolytic pathway is one of three proteolytic pathways in the body and is
responsible for degrading myofibers into myofilaments. The calpain pathway is of interest to
study because it functions as the initial step for muscle catabolism, such as in cancer-induced
cachexia. Recently, it was discovered that the receptor for the epidermal growth factor (EGF)
activates a specific isoform of the calpain protein, calpain HI or m-calpain'. The purpose of this
study was to determine if two omega-3 fatty acids, DHA and EPA, inhibit the EGF receptor and
activation of the calpain pathway. This project also investigated the role, if any, of advanced
glycation end products (AGE's) in proteolysis. AGE's activate several signal transduction
pathways, including p21 r"', erk ½ kinases, and NF-'KB, which lead to inflammation 2, and perhaps,
proteolysis.

Methods:
To study the activation of the calpain pathway, several experiments were conducted. First,
differentiated skeletal muscle cells were used in tyrosine release assays to measure the amount of
proteolysis after specific treatments. Proteolysis was measured through the release of tritiated
tyrosine. Next, proteins from MDA cells treated with DHA and EPA were separated by gel
electrophoresis and analyzed with western blots. The antibodies used with the western blots were
the EGF receptor antibody, the AKT/phospho-AKT antibodies, and the phospho-Map kinase
antibody. Finally, gelatin zymography was performed to determine if any m-Calpain was present
in the MDA lysates. Tyrosine release assays were also performed with glycated albumin and
media supplemented with varying concentrations of glucose to study the effects of AGE's on
proteolysis.

Results:
Tyrosine release assays show that 50 mM DHA reduced proteolysis in skeletal muscle cells
treated with growth media alone and also with cells treated with growth media from MDA-MB-
231 cancer cells. 50 mM EPA showed no effect on proteolysis of the skeletal muscle cells.

The gelatin zymography studies are not complete at this time, but the expected results are a
decrease in the amount of calpain protease activity in the cells treated with DHA.

Western blot analysis of the MDA lysates treated with DHA and EPA does not appear to have
any effect on the activation of the EGF receptor, nor AKT activation, but the results are
inconclusive.



Tyrosine release assays using the glucose supplemented media showed a slight decrease in
proteolysis at higher glucose concentrations, while the cells treated with glycated albumin show
no increase in proteolysis compared to the controls.

Conclusions:
DHA exhibits a two-fold decrease in proteolysis of skeletal muscle cells when treated with media
alone and a three-fold decrease in cells treated with MDA media containing proteolysis inducing
factor. Although the calpain zymography results are not finalized at this time, these results
support the conclusion that DHA inhibits proteolysis by modulating the calpain proteases.

None of the western blot results at this point appear to show any effect on the activation of the
EGF receptor, or AKT activation, but the results are inconclusive, as are the results linking a
high glucose level in the cell to increases in advanced glycosylated end products and proteolysis
through an AGE receptor.

References:
1. Glading, A., P. Chang, D. Lauffenburger, and A. Wells. (2000). The Journal of

Biological Chemistry 275, 2390-2398.
2. Basta, G., G. Lazzerini, M. Massaro, T. Simoncini, P. Tanganelli, C. Fu, T. Kislinger, D.

Stem, A. Schmidt, and R. de Caterina. (2002). Circulation 105, 816-822.

Heidi's participation in the Breast Cancer Research Training Program was supported by grant
#BC020180 from the Department of the Army Medical Research and Material Command.

Heidi graduated from Ohio Northern University this spring with a bachelor's degree in
Biochemistry and is now a medical student at Wright State University in Dayton Ohio.
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Ganoderma lucidum

Inhibition of Cancer Growth with
Ganoderma lucidum.

By: Brian Bock
RelshiMax GLpTM

Dr. Daniel Sliva 6% riterpen, 13.5% polysiceharldes

Cancer Research Laboratory
Methodist Research Institute

The Background Hypothesis

P13* Ganoderma lucidum (G. L.) inhibits the growth of
A P"breast cacer cells.

- Through the Epidermal Growth Factor Receptor
(IK MA(EGFR) family signaling.

- Through breast cancer tumors in xenotransplant model.
.0 .Experimental Goals:

, , .. " .n,. - To determine the mechanism for cancer cell growth.

M • 'fo, - Inhibit the growth of the cancer cells.
- Determine specific inhibitors for cancer cell growth.



Mechanism of Tumor Growth EGFR Family Expression
Suppression In-vitro

"* Treated MDA-MB-231 and MCF-7 cells a EGFR Family includes tyrosine kinase
with G. 1. for different times (15, 30, 60, receptors EGFRiErbB I/I-ERI,
120, and 240 minutes). ErbB2/HER2, ErbB3/HER3.

"* Total proteins were extracted and the a The biological effects of those receptors are
expression of EGFRs and phophorylated exerted through the interaction with a
EGFRs were evaluated, specific ligand, which results in the

pbosphorylation of EGFR family.

Western Blots of EGFR Expression Suppression of Tumor Growth
and Activity In-vivo.

IN Nude Mice were used
0 - .injected subcutaneously
f 2 with MDA-MB-231 breast

cancer cells.
v The Mice were then

<::z= EGFR randomized into three
experimental groups.
Group I received a

Splacebo, group 2 100
mg/kg G. I., and group 3

I C 500mg/kg G. I.
.. a Tumor growth on the mice

-" was measured three days a
:p-EGFR week for 5 weeks.



Average Group Tumor Volume
_________________Final Tumor Weight

I00

S800

n.Y
-5- d002IV Oa~ OO

Conclusions Further Research

"= G. 1. inhibits the phosphorylation of the a Determine G.I. effect in EGFR treated
EOF receptor in MDA-MB-231. MDA-MB-231 and MCF-7 Breast

"* Western Blots are so much fun and can be Cancer cells.
done very quickly. w Study EGFR Family expression with

"* The 100 mg/kg G.I. dose in mice inhibits immunoprecipitation.
tumor growth. a Start a chemopreventive study on mice.
- 500 mg/kg G.1. dose may be counterproductive. n Adjunct therapy in mice with G./. and

Tamoxifen.
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ERK Activity and Apoptosis in cc e
0

Breast Cancer Cells

Jennifer Griffith
o MEK

Preceptor: Tom Kovala, PhD Inactve • Active....., Elk
0 Acknowledgements: George Boguslawski, PhD ERK Q... P1 • £R
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0 Kevin Harvey Cl.Groh Apoptosis
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0

Clinical Relevance Previous Findings
0 :1

[ m Increased activation of MAPK pathway in a SU1498 - inhibitor of vascular endothelial
breast cancer cells [ growth factor (VEGF) receptor 2

0 • Highly invasive cell lines (MDA-MB-231
i n e Sensitization of breast cancer cells to0 & MDA-MB-468) -- constitutively 0o 0 apoptosis induced by serum starvation

0 activated ERK 00 0 w Build-up of activated ERK in HUVECs
0 Less invasive cell line (MCF-7) & non- Bvo 0]

0 tumor cell line (MlF- 10A) -- normalo:
0 regulation of ERK(0
0 Treat cancer by blocking pathway it •- 4, a•,

P.E3K. - *'I1
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:3 0El

Mechanism of SU1498 Inhibition 00 Hypothesis

] n Blocks dephosphorylation of ERK 0 n AG1296 directly inhibits ERK activity andD D
Dr yh ssensitizes breast cancer cells to apoptosism Directly inhibits ERK activity 0

E El induced by serum starvation.

AG1296 SU1498 D[

El * AG1296 - inhibitor ofplatelet-derived El

El growth factor (PDGF) receptor

Methods - ERK Activity Assays • Results - ERK Activity Assays

El m Reaction samples contain activated ERK o U SU1498El El . -.. .. .
El and an Elk-I fusion protein substrate El has dose
l El dependent ' •.

El w Appropriate concentration of inhibitor Dt

3 added to reaction
El AG1 296 2
El[[ * SDS-PAGE and western blotting allow [][Dno ., .Shad "no*i••- ...
El detection ofphosphorylated Elk-1 product El direct

effect on
E l ERK

El

2
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0 Results - Inhibitor Screen 0 Results - ERK Assays cont'd
Compounds structurally similar to either SU1498 or A01296 C

m u AG1007 has
o W Aw 144~ *W6,1 dose-
0 Co DI5M ERK ERIC AG490 AG$5S A0556 AGGRI AG12SArlAM dependent
0 mly 051500o o effect _ ,__.________
0 0
0 0 n Complete ERK
0

___ inhibition
G 3 occurs

, lo.k ERRX 49 AG,.M, AC,93S, x,.,7 A01395 0 between 1 andS•tsoy ÷ t5f050'

35 3tM

:33

C0
0

C0
CC

o 0
Cn U

o Methods - Apoptosis Assays o Results - Apoptosis Assays
1o SU1498 sensitizes MDA-MB-231 cells to apoptosis

D Confluent cells incubated for 24 h 14 1-

Cn
+1- serumSo

o +/- inhibitor

"" Cells harvested and collected I '! .

o * Annexin V fluorescent reagent binds to T
apoptotic cells

a Analysis performed using flow cytometry o
) C4 MC F-IRA A MDA-MO-231 H, A MR-4b-e

3
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Results - Apoptosis Assays cont'd Dscussion - ERK Assays
a AG1007 induces no significant increase in apoptosis
S 12 AG1296 does not affect ERK kinase

-3o activity; not a probable candidate to affect"1 aa
oI apoptosis
D n Only AG1007 inhibited ERK at significant• "•I• 1levels

" an Structural differences may indicate different
mechanisms of ERK inhibition

3aFW 31-~. 1 M Sta.d -.Swd FM SF4

3a

3 Discussion - Apoptosis Assays Conclusion

a a SU1498 has no effect on apoptosis in the a w Accumulation of hyperphosphorylated ERK
normal and less invasive cell lines that occurs upon treatment with AG1296

S~must be due to inhibition of ERK
w Compound induces apoptosis in serum- a mst be de atiniti

starved highly invasive cancer cells, but not ha
o - AG 1007 directly inhibits ERK kinase, butD uniformly0a u does not affect apoptosisa No such effect on apoptosis seen upon
a 0 N SU1498 remains unique in its ability to

treatment with AG 1007 sensitize breast cancer cells to apoptosis

a
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Omega-3 Fatty Acids in Why Omega-3?

embrane Organization • Results conclude a heart failure
.of MDA-231 Breast decrease and cancerous tumor

of M A-21 Brastreduction

[ • Cancer Cells 
* increase in apoptosis anddecrease in metastasis

Laura ech 
*Surge in production 

of omega-3

[•'•] Preceptors: Rafat Siddiqul. PhD 
supplem ents in health foo ,• m m

Sand Gary Zatoga, MD 
stores

Studies 
involving 

Omega-3 
Supplement

Omega-3 Analysis
"* Omega-3 supplement analysis * Supplements are not uniform:

(Cellular Biochemistry Lab 2003) - Molecular Species
* Oleic and Docosahexaenoic Acid Analysls(TLC)

Differentially Phase separate - Lipid Peroxidatlon
from Lpid Raft Molecules:Comparative NMR, DSC, AFM - Cell viability and

rnad Detergent Extraction Study Adheslon(Wst .1 and
(Shalkh et. al, 2004, In press) Vitronectin)

aC 11-1



Detergent Resistant Hypotheses
Membrane Study

1) The methylated forms of DHA and EPA are
more cytotoxic than their free fatty acid

Omega-3 fatty acids may enhance components In inducing apoptosis of MIVIA.
localization of lipids into structures 231 breast cancer cells.

known as "lipid-rafts."EP

Such localization may be responsible 15K s U AV

for their ability to affect cellular
[ activity DHA

haHypotheses cont. Methods
2) The Omega.3 fatty acids EPA and DHA will phase

J patate -- JdrasTIcally ftowipidsaft-rnecuta than-
oth*rcealular-eompoeentssuch as Arachidnic acld,-01ic-
acid, Patmitlc acid, Cholesterol, and Retinol. - WST-1 and LDH cell viability assays

. Cultured MDA.231 cells for detergent extraction and
treated with either 2SuM EPA, DHAf AA, OA, PA, or
retinol, along with trace amounts of radioactive lipid

W T1and p lced in u r s r d e to - 5 u r s

Cell lysates were taken after 24 hours Incubation

tand placed In a sucrose gradient of 5-45% sucrose

Gradients were placed in an ultracentrifuge for 20
shamd1,2Mhoura at 39,000 rpm

, Subsequent I mnL fractions were collected and
analyzed using a Beckman scintillation counter(LS

2



Results WST-1 Results WST-1

WSr-1 C lAc1LIr OF MCA CELLS TREATEDWIrIC AýETOH AN DvEMTM'ES WST-I OF MDA CELLS TREATED WITH EPA--TOH AND DERIVITIVES

Results LDH Results LDH

LOH RELEASE OF MDA CELLS TREATEDWITH DHA-ETOH AND DEmRIVE8 LO1 RELEASE OF MCA CELLS TREATED WITH IEPA ETOHANlJ1DERIVRIVES

.. 10TM-
C0COhT00

4
0CNtT 1C

OT~ftVA-THT- LOt HTT01



Results DRM Study Results DRM Study

Conclusions Further Research..

Methylated omega-3 fatty acids do * Test other hypotheses to explain the
not seem to have an increased variability of omega-3 supplements
cytotoxicity for breast cancer cells. Do DRM analysis of cells treated with

• Omega-3 fatty acids do localize combined EPA/retinol, DHA/alpha-
differently in the plasma membrane tocopherol, etc. and see If
than other cell structural localization differs from independent
components. experimental results

* The unique localization of omega-3 Perform experiments on Human
fatty acids may have implications for Mammary Epithelial Cells to see If
protein mediated signaling events, results differ

4
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Introducd
Effects of CRP and CRP Peptide C-reactive Protein

(RS 83277) on Activation of NF-kBand Is an acute phase prote released in the liver.

-- Iý d p-eu lto Rf n Cance Cels Binds to damaged cellular tUs sandu Cancer Cells. components and facilitates phag c sis.

Che 0 oYego - Levels of CRP Increase with Infectlo

Carlos La rrrJres M. D Inflammation and trauma.iguel 0 , DVMI 
* Normal serum level is < lug/ml.

CRP peptide (RS 83277) Is a synthetic peptide de ved
Chl 1m b . pa. dpztlb tln• .Ca nrR. lahT,Inln ProgrNa m wj p rb y gr . from the CRP amino acid site 174-185 and could b
P O C 0 2 0 13 0 ft o m Oh s D e p a rk - M o f th .A m y • , R .o s ,e - • a M t ° ,,. m , .a c t iv e o n c a n c e r c e l ls .

* Binding to various p ogenic microorganisms uPA, uPAR and Cance.

and Uroknase-type plasminogen a vator (uPA) and
damaged cells to mediate p cytosis. urokinase-type plasminogen actlv Receptor

(uPAR)
• Activation of classical complemen at ways. are Involved in invasion, migration and ion of

l function of CR sncancer cells.

In vitro experiments suggest that CRP is invoi ed In
the

activation of NF- kB, which regulates the synthe Is
of30 strle.. 0 h- C uPA.

G-W..ah TJ. & ek-,. K.l. rq LO• ,
Ifre~g C.prfpht Keel@ U nl¢1ty



ethods:
Cell cuitture

S"Treatment of MDA-MB- breast cancer cells with CRP,

Hypothesis: "R peptide and CRP+peptlde at 0, r0 and 100 uglml for 4
hours.

CRP and CRP peptide (RS 83 )NWestern 131ot

increase breast cancer cell gro (I Determine the presence of uPA and uPAR me i and
vitro) through activation of transc tionl ysate .

factor Nuclear Factor- kappa B (NF- B) Cytospln and nImunocytochemist

and uPA expression. * Detect presence of uPA and uPAR In the cells.

FACS Analysis (Flow Cytometrvl
* Detection of uPAR and uPA on the membranes of tre ted

cancer cells.

Western Blot (Lysates) Results: Western Blot (MeI
CRP 

re 

RP + Peptlde

UA CRP + Peptide 
UPA R CRP CRP +, Peptide

S Kba c CPlughri Poptidewum VeIf 55 KDa lupmi de (ug/imn V Iml)

Ti gr 2 1 -5

31 • 
31 KDa

62



VIWC*M" QluPAR IDTNre~dCeft4b IoCyP" AofT~*td Ck

spin and Immunocytochemnistry An and immuno Ctohemistry
uPARlC.P UCRP u etd uPAR-CRP.CRP Pepttde uPA-R uP PPpid iACRP.CRP Peptide

P Pelld IACP-CP Pe~l3



?f~k EUSF~Trted~ea~C~w~d JWIMMOCYd mi"V) NF-kS-CRP-CRP Poptide

Co I' soi PRP-CRCR .P FdVn

Summary'o a: Conclusion.

xR lees arasoi witInrse Further studies need to erformed
expression of uPAA, uPAARR NF-kB on

MDA-B-21 cels.cells and cultured media to

*CRP peptide seems to be aassoci ed wi quniatvl
ct v d 1 easevaluate possible increasedNF-kB activation and increased ce l -s ynthes

associated uPA and uPAR. and release of uPA and uPAR

following
CRP and CRP-peptide incubation.
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Introduction
Role of 03-3 Fatty Acids in the

• Cancer cells induce muscle proteolysis byPrevention of Muscle ProteoIysis releasing a proteolysis inducing factor '

S:•:.•w• ,• • :,•,:i• ;: ••:•.••:!'•'• • •• Proteolysis Inducing Factor increases the activity

•;• .•:::•!•?..•!;.•t•2:.15;•.•.• !:•,?,•i• • • of the Ubiquitin and Calpain proteolytic pathways

m DHA has been shown to reduce muscle
proteolysis in cultured skeletal muscle cells

Heidi Yount • m-Calpain is now being measured as a tumor
July 8, 2004 marker

Introduction Project Goals

'• Calpain activation ,. Determine if glucose and/or glycated albumin
EGFR -----* ERK • m-Calpain induces pmteolysis in skeletal muscle ceils

,= Measure the amount of m-Calpain present in
MDA-MB-231 cells compared to mammary

Advanced Glycation End Products epithelial cells
AGE • rAGE

• I/• F • Test the effect of co-3 treatment on proteolysis

p2l t•B inhibition and m-Calpain activation

]rtflammat[on (proteolysis?)



Experiments

* Cell growth and Cell viability assays
* Tyrosine release assays

o EGFR phosphorylation Data
n m-Calpain Zymography

*ERK phosphorylation/activation

24 Iv. MDA LDH

WST I A.• Mh MDA€A.I.

1w2

2
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Experiments in Progress
"* Western blot for EGF receptor in

processing

"* Mammary epithelial cells are growing
again

"* Tyrosine release assays continuing
* Trying serum free MDA media in

experiments
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ABBREVIATIONS:

DAPI, 4', 6-Diamidino-2-phenylindole; DHA, docosahexaenoic acid; EPA, eicosapentaenoic

acid; LOA, linoleic acid; OA, oleic acid; N-SMYase, neutral-sphingomyelinase; p21,

wafl/cipl; PS, phosphatidylserine



ABSTRACT

The effect of fish oils and their active omega-3 fatty acid constituents, docosahexaenoic acid

(DRA) and eicosapentaenoic acid (EPA), were investigated on breast cancer growth. In Vivo

Experiments: Mice were fed diets that were rich in either omega-3 (fish oil) or omega-6-rich

(corn oil) fatty acids. Three weeks after implantation of MDA-MB-231 breast cancer cells,

the tumor volume and weight was significantly lower (P<0.05) for mice fed the omega-3

diets compared to those fed the omega-6 diets. Dietary fish oil also caused a 40% (P<0.05)

increase in neutral sphingomyelinase (N-SMYase) activity in the tumors. The tumor tissues

from Fish Oil-fed animals expressed elevated p21 (wafl/cipl) mRNA, whereas tumor tissues

from Corn Oil-fed animals exhibited undetectable levels of p21 expression. In Vitro

Experiments: At concentrations as low as 25 pLM, DHA- and EPA- inhibited the growth of

cultured MDA-MB-231 cells in a dose-dependent manner by up to 20-25% (P<0.05). N-

SMYase activity was also increased by 30-40% (P<0.05) in the DHA or EPA treated cells in

which an increase in ceramide formation was observed. DHA and EPA were both observed

to enhance membrane bleb formation and also to induce the expression of p21. Omega-3 fatty

acids-induced bleb formation and p21 expression were inhibited by the N-SMYase inhibitor

GW4869, which also inhibited apoptosis by -40% (P<0.05). The results suggest that

inhibition of breast cancer growth in nude mice by dietary fish oil and inhibition of breast

cancer cell growth in culture by treatment with DHA and EPA is mediated by activation of

N-SMYase.



INTRODUCTION

The oils of certain cold-water fish have a well-documented role in inhibiting or

preventing cancer. Epidemiological evidence strongly links fish oil with low incidences of

several cancers. 1-4 The anticancer properties of fish oils have been attributed to the omega-3

fatty acids, docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA). Proof of these

fatty acids as anticancer agents has been substantiated by dietary studies on many types of

animals, including humans and in cultured cells. 5-14 A number of reports have indicated that

DHA's anticancer properties are not directly due to cytotoxicity, but rather to the fatty acid's

ability to induce apoptosis. 15-18 However, the molecular mechanism for the anticancer actions

of omega-3 fatty acids remains unknown. Understanding the mechanistic effects of omega-3

lipids may aid in the development of new cancer therapies.

Numerous studies, including our own, 5. 19-24 have linked fish oil to induction of

apoptosis. We found that DHA activates sphingomyelinase (SMYase) activity in the plasma

membrane of Jurkat leukemic cells, increasing ceramide levels. 23 SMYase is an enzyme that

catalyzes the hydrolysis of sphingomyelin (SM) to ceramide. A variety of studies have shown

that ceramide is ubiquitously produced during cellular stress and is associated with apoptosis.
25,26 To date, at least seven classes of mammalian SMYases have been described, differing in

subcellular location, pH optimums, cation dependence, and roles in cell regulation. 27-29

However, only two forms of SMYases, distinguishable by their pH optima, are capable of

initiating signal transduction. 30 The acid SMYase (pH optimum 4.5-5.0) is a cellular

glycoprotein located in the acidic lysosomal compartment where it contributes to lysosomal

SM turnover. 31 The neutral SMYase (N-SMYase; pH optimum 7.4) is a plasma membrane-

bound enzyme, 32,33 that has been implicated in mediating apoptosis in cells exposed to

stressing agents. Substantial amounts of N-SMYase are proposed to reside in "lipid rafts". 34

Therefore, factors influencing the lipid composition of membranes can influence the activity

and distribution of N-SMYase in "lipid rafts". Recently we have demonstrated that DHA may

alter lipid raft formation 35 and induce SMYase activity, leading to cell-cycle arrest in

leukemic cells. 23 Furthermore, treating cells with synthetic short-chain ceramide has been

shown to induce cell-cycle arrest and apoptosis. 36 Ceramide levels also change during

progression through the cell cycle 37 and have been shown to enhance expression of p21

(wafl/cipl) 38, a cellular inhibitor of cdk2 kinase that is involved in cell-cycle arrest via

hypophosphorylation of retinoblastoma protein (pRb). 3 We have previously show that

DHA-induced ceramide may regulate phosphorylation of pRb by inhibition of cyclin A/cdk-2
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activities via increased expression ofp2l.23 In the project described below, we studied

growth inhibition of breast cell xenografts by dietary fish oil in nude mice and we

investigated the cellular effects of DHA and EPA in cultured breast cancer cells. Our data

demonstrate that the long-chain omega-3 fatty acids inhibit breast cancer growth by

activating N-SMYase, thereby generating ceramide.
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EXPERIMENTAL

Materials: Human breast cancer MDA-MB-231 cells were obtained from ATCC (American

Type Culture Collection, Manassas, VA). Nude mice (nu/nu) were purchased from Charles

River Laboratories, Inc., (Wilmington, MA). Dulbeeco's Modified Eagle Medium (DMEM),

penicillin, streptomycin, and glutamine were from Invitrogen Corporation (Grand Island,

NY). Fetal bovine serum was from BioWhittaker (Walkersville, MD). Docosahexaenoic acid

(DHA), eicosapentaenoic acid (EPA), oleic acid (OA), linoleic acid (LOA), and fatty acid

standards for gas chromatography (GC) were from Nu-Check Prep, Inc. (Elysian, MN).

Annexin V staining, cell death detection ELISA, WST-1 assay, and the lactate dehydrogenase

kits were purchased from Roche Biochemicals (Indianapolis, IN). N-SMYase inhibitor,

GW4869 was from Calbiochem, San Diego, CA. Hanks Balanced Salt Solution (HBSS), the

fish oil (Manhaden), and all other reagents and chemicals were purchased from Sigma

Chemical Company (St. Louis, MO).

Animal Studies: Nude mice (nu/nu; Charles River Laboratories, Inc., Wilmington, MA)

were fed ad libitum corn oil (omega-6/omega-3 ratio of 72:1), balanced corn oil/fish oil

(omega-6/omega-3 ratio of 1:1), or fish oil (omega-6/omega-3 ratio of 0.11:1) diets (Research

Diets, Inc., New Brunswick, NJ) for 3 wk prior to tumor implantation. Diets contained

similar quantities of protein (59% of calories), carbohydrates (20% of calories), lipids (21%

of calories), vitamins, and minerals as described in Table 1. They only differed in the types

of lipids (i.e., corn and fish oil) and their fatty acids composition is described in Table 2.

Tumor xenografts were implanted by injecting subcutaneously 200 pl of MDA-MB-231 cells

(1 X 106 cells) on the backs of animals, and the animals were returned to their corresponding

diets for another 3 wk. Tumor growth was monitored by measuring length and circumference

of tumors by a flexible wire tape as described, 40 and tumor weight was determined at

termination of the study after excising the tumor free of connective tissue. The tumor tissues

were freeze-clamped in liquid nitrogen for later analysis.

Cell Cultures: MDA-MB-231 breast cancer cells were grown in DMEM media containing

10% fetal bovine serum, 100 units/ml penicillin, and 100 gig/ml streptomycin at a density of

1 x 106 cells/ml for routine culture. For experimental purposes, cells were cultured at the cell

density indicated and treated with fatty acids under serum-free conditions. The fatty acids

EPA, DHA, OA, and LOA were stored in ethanol under liquid nitrogen and diluted in ethanol
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just prior to use. The final concentration of ethanol (< 0.1%) in the treated cultures did not

induce any cytotoxic effects as measured by lactate dehydrogenase release and a WST-1 cell

proliferation assay (results not shown).

Cell Growth Assay: The effect of the fatty acids on cell growth was determined using a

WST-1 assay as per manufacturer's instructions (Roche Biosciences, Indianapolis, IN).

N-SMYase Assay: Sphingomyelinase activity was measured by an Amplex Red

sphingomyelinase assay kit (Molecular Probes, Eugene, OR). Briefly, the frozen tumor

tissues were ground under liquid nitrogen and then homogenized in a reaction buffer

containing 100 mM Tris-HCl (pH 7.5), 50 mM MgCI2, and 0.1% Triton X-100. For

measuring sphingomyelinase activities in MDA-MB-231 cells, DHA- or EPA-treated cells

were lysed in 100 pl of lysis buffer [20 mM Tris-HCl (pH 7.5), 137 mM NaCI, 100 mM NaF,

2 mM Na3VO4, 10% v/v glycerol, 1% Nonidet P-40, 2 mM phenylmethanesulfonyl fluoride

(PMSF), 1 mg/ml leupeptin, 0.15 units/mil aprotinin, and 2.5 mM DIFP] for 10 min on ice.

Protein concentrations in tumor homogenates, cell lysates, and isolated membrane fractions

(see below) were measured using a bicinchoninic acid (BCA) protein assay system (Pierce,

Rockford, IL), and samples were diluted in reaction buffer for the assay in the presence of

exogenous sphingomyelin (0.25 mM). The released phosphorylcholine from

sphingomyelinase activity was measured by the sequential activity of alkaline phosphatase

and choline oxidase. The resultant release of H20 2 was quantified by measuring fluorescence

intensities (excitation at 540 nm and emission at 590 nm) after reaction with the Amplex Red

reagent as described in the manufacturer's protocol. Amount of sample protein (-10 Ptg)

resulted in a linear fluorescence intensity between _1/15h to 1/ 1 0 th of the positive control.

Analysis of p21 mRNA expression: RNA from tumor tissues or cultured cells was extracted

by a RNA assay kit (Qiagen, Valencia, CA). The amount of RNA in an aqueous solution was

determined by absorbance at 260 nm. Semi-quantitative RT-PCR was performed to determine

the mRNA levels of p21 and GAPDH (loading control) using the Titan One Tube RT-PCR

System (Roche Diagnostics, Indianapolis, IN). The primer sequences 5'CGG-TCC-CGT-

GGA-CAG-TGA-GCA-G3', 5'GTC-AGG-CTG-GTC-TGC-CTC-CG3' were used for p21.

The thermocycling parameters were composed of an initial cycle at 50'C for 30 min for

reverse transcription of RNA into cDNA. The subsequent DNA amplification was performed
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with a thermocycling reaction consisting of 95°C for 180s followed by 30 cycles at 95°C for

60s, 55°C for 60s, and 72°C for 60s.

Western blot analysis: Following treatment with DHA or EPA, cell lysates were separated

by SDS PAGE (10%), and then electro-blotted onto presoaked Immobilon-P membranes

(Millipore, Bedford, MA) as described previously.23 The membranes were blocked in 5% dry

milk in TBS-T solution (50 mM Tris-HCl pH 7.5, 150 mM NaCl, and 0.05% Tween-20) for 2

hr at room temperature. The blot was incubated with monoclonal anti-p21 or monoclonal

anti-GAPDH antibodies (Santa Cruz Biotech, Santa Cruz, CA; 1:1000) at 4'C overnight and

detected using secondary anti-rabbit peroxidase-conjugated antibodies (Amersham Pharmacia

Biotech, Buckinghamshire, UK; 1:2000 in TTBS). The bands were detected using a

chemiluminescence detection kit (Pierce, Rockford, IL).

Immunohistochemistry: Ceramide and p21 formation were determined using

immunohistochemistry. 1 After incubation with serum-free media containing DHA or EPA,

the cells were fixed with 3% paraformaldehyde and then blocked with 1% BSA in PBS.

Ceramide was detected using a specific anti-ceramide antibody (Alexis, Carlsbad, CA; clone

MID 15B4; 1:200 dilution in blocking buffer) and assayed using an Alexa 488-labelled anti-

mouse antibody (Molecular Probes, Eugene, OR; 1:200 dilution in blocking buffer), whereas

p21 was detected using anti-p21 (Santa Cruz Biotech, Santa Cruz, CA; 1:200 dilution in

blocking buffer) and assayed using an Alexa-546-labelled mouse antibody. Presence of the

nuclei was detected by DAPI stain. Cells were examined under a fluorescence microscope

and pictures were taken using a MagnaFire digital camera (Optronics, Goleta, CA) for

analysis.

Cell Death ELISA: Quantitative analysis of DNA fragmentation was carried out using a

histone-based Death ELISA system (Roche, Indianapolis, IN) as per manufacturer's protocol.

MDA-MB-231 cells (1 x 106/ml) in 6-well plates were incubated with fatty acids for 24 hr

and then lysed. The nucleosomes containing fragmented DNA were captured by an

immobilized anti-histone antibody. The amounts of DNA fragments were then determined

spectrophotometrically using a peroxidase-conjugated anti-DNA antibody.
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Annexin V Staining: Externalization of phosphatidylserine was evaluated using an annexin

V staining kit (Roche Biochemicals, Indianapolis, IN) as per manufacturer's instruction. This

kit can distinguish apoptotic and necrotic (dead) cells by propidium iodide (red) staining and

FITC-conjugated annexin V (green) staining, respectively. The cells were visualized using a

fluorescence microscope. The total and apoptotic cells were counted and the percentage of

cells exhibiting apoptosis was calculated.

Statistics: All experiments were performed at least three times each in triplicate and

expressed as mean ± SE. Comparisons were done using a Student's t test and one-way

ANOVA. Significance was defined as p<0.05.

RESULTS

Inhibition of Breast Cancer Tumors by Dietary Fish Oil (In Vivo Studies): The effect of

dietary fish oil on breast cancer growth was investigated in nude mice. Results demonstrate

that mice fed a corn oil diet rich in omega-6 fatty acids exhibited substantial tumor growth

(Figure I a). In contrast, mice fed on the omega-6/omega-3-balanced diet exhibited very

reduced cancer growth (Figure Ib). Tumor growth in mice fed the omega-3-rich fish-oil diet

had by far the smallest tumors (Figure Ic). Because the tumors were asymmetric,

quantification was achieved by measuring tumor volume, surface area, and mass. Data shown

in Table 3 indicate that, 3 wk following tumor implantation, tumor volume was

approximately 60% lower (P<0.05), whereas tumor surface area and weight were

approximately 30-40% lower (p<0.05) in mice maintained on the balanced diet (omega-

3/omega-6, 1:1) compared to mice on the corn oil diet (omega-6 enriched). The largest

reduction in tumor volume was noted for the fish-oil diet (omega-3 enriched), where tumor

volume was approximately 75% lower (p<0.05), and tumor surface area and weight were

approximately 50% lower (P<0.05) compared to animals maintained on corn oil diets.

Tumor tissue isolated from mice maintained on each of the three diets was then analyzed for

N-SMYase activity. Data in Figure 2a show that N-SMYase activity was higher by

approximately 40% (P<0.05) in the tissues from mice raised on the omega-3-containing diets

(fish oil and balanced fish/corn oil) compared to those on the high omega-6 corn oil diet.
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Tumor tissues were further analyzed for p21 expression using semi-quantitative RT-PCR.

Results presented in Figure 2b demonstrate that expression of p21 mRNA was upregulated by

fish oil. mRNA expression of p21 in mice maintained on the fish oil diet was induced, while

p21 was not detected in tumor tissues of corn-oil-diet-fed mice.

Effects of Omega-3 Fatty Acids on Breast Cancer Cells in Culture (In Vitro Studies): We

next evaluated whether the long-chain polyunsaturated omega-3 fatty acids commonly found

in fish oils (DHA and EPA) can affect MDA-MB-231 breast cancer cells in vitro. The dietary

fish oil (Menhaden, Sigma Chemical Co.) employed in these studies was first analyzed for its

fatty acid content by gas chromatography. The fish oil was shown to have 150 mg of DHA

and 160 mg of EPA per g of oil (Table 2). Both DHA and EPA were then tested on cultured

MDA cells where both fatty acids similarly inhibited growth in a dose-dependent manner

(Figure 3). At concentrations as low as 25 gtM, both fatty acids inhibited cell growth by

approximately 25-30%.(P<0.05), and the inhibitory effects of DHA and EPA progressively

increased with increasing concentration to a maximum inhibition at 80 gM by approximately

80% (P<0.05) after 24 hr of incubation.

We further tested whether other long-chain unsaturated fatty acids had effects similar to DHA

and EPA on breast cancer growth. Results shown in Figure 4 demonstrate that at a

concentration where DHA and EPA significantly inhibited MDA growth (25 ýt.M), oleic acid,

an omega-9 fatty acid, and linoleic acid, an omega-6 fatty acid, had only a minimal effect on

growth. However, a concentration over 100 .vM of OA or LA resulted in a similar effect as of

DHA or EPA at 25 jtM. Therefore at lower concentrations inhibition of cancer cell growth

was not a general consequence of any long-chain fatty acid but rather is unique to the long-

chain polyunsaturated omega-3 fatty acids whereas at higher concentrations all fatty acids are

generally cytotoxic (detergent effect).

We further examined whether growth inhibition of MDA cells was due to induction of

apoptosis. Results presented in Figure 5a demonstrate that both DHA and EPA at 25 jiM

induce apoptosis by 70- 75% (P<0.05) as is evident from enhanced DNA fragmentation.

Furthermore, N-SMYase activity was increased by 30-40% (P<0.05) in cells treated with

DHA or EPA compared to those of untreated (control) cells (Figure 5b). The increase in N-

SMYase activity induced by the omega-3 fatty acids was further analyzed by assaying
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ceramide formation, the product of sphingomyelin hydrolysis. The noticeable generation of

ceramide was observed in MDA cells upon DHA or EPA treatment (Figure 6a) compared to

that of control cells. We also analyzed the effect of DHA and EPA on p21 expression by

both RT-PCR and by Western analysis. Results presented in Figure 6b indicate that

expression of p21 protein was increased approximately 2.5-3-fold (P<0.05) in DHA- or EPA-

treated cells compared to control cells. Similarly, DHA and EPA also increased expression of

p21 mRNA in the same cells (Figure 6c).

Effect of Omega-3 Fatty Acids on Membrane Structure: One of the very noticeable

effects of DHA on MDA cells was the induction of plasma membrane blebs. Results shown

in Figure 7a demonstrate substantial changes in appearance (bleb formation) of the MDA cell

surface caused by increasing concentrations (0-100 jtM) of DHA. The MDA cells were then

stained with annexin V for the presence of externalized phosphatidylserine. Figure 7b shows

that cells incubated in 50 pM DHA demonstrated extensive bleb formation, and these blebs

appear to have aggregated phosphatidylserine on the surface (the membrane blebs and

annexin V are colocalized). Similar effects on membrane bleb formation were also observed

upon treatment with EPA (data not shown). In addition, bleb formation appears to be related

to the DHA-induced N-SMYase activity reported in Figure 5b. Results presented in Figure 7c

indicate that the DHA-induced membrane bleb formation was inhibited by the N-SMYase

inhibitor GW4869.

Inhibition of Omega-3 Fatty Acid-Induced p21 Expression and Apoptosis by N-SMYase

Inhibitor: The involvement of N-SMYase in DHA- or EPA-induced p21 expression was

further investigated using immunohistochemistry. Figure 8a indicates that expression of p21

protein was induced in DHA- and EPA-treated cells as is evident by enhanced fluorescence

intensities. This DHA- or EPA-induced expression of p21 was markedly diminished by

approximately 50-60% in the presence of N-SMYase inhibitor.

Involvement of N-SMYase in DHA- or EPA-induced apoptosis was also investigated. Data

depicted in Figure 8b indicate that in the presence of the N-SMYase inhibitor, DHA- and

EPA-induced apoptosis in MDA cells was inhibited by approximately 40-50% (P<0.05).

11



DISCUSSION

Breast cancer is one of the most frequently diagnosed non-skin cancers and the second most

common cause of cancer death in women. 42 An estimated 215,990 new cases of breast

cancer were expected in 2004. Epidemiological evidence links fish oil consumption (rich in

the omega-3 fatty acids DHA and EPA) with a low incidence of several types of cancer. 1-4

The anticancer role of omega-3 fatty acids has also been substantiated with dietary studies

using many types of animals (including humans) and numerous different cell lines, including

breast cancer. 8, 10,19,20 In the study reported here, we investigated the effects of long-chain

polyunsaturated omega-3 fatty acids on breast cancer cells both in vivo and in vitro.

Our in vivo studies, shown in Figures 1-2 and Table 3, demonstrate that increasing the ratio

of omega-3 to omega-6 fatty acids in the diet inhibits development of transplanted breast

cancer cells in nude mice. Similar animal models to study the growth of transplanted breast

cancer cells have been widely described.5 The oils used for preparing the diets were

examined for lipid peroxidation products as previously described 24 and tested for apoptosis

on breast cancer cells. As previously reported for Jurkat cells, our data indicates that levels

of lipid peroxidation products in oils did not correlate with the extent of apoptosis. It

therefore appears that the oils but not the oxidized products are responsible for the cytotoxic

effects in breast cancer cells. The purpose of this study was to link the omega-3 fatty acids

abundant in dietary fish oil (DHA and EPA) to inhibition of breast cancer cell proliferation in

vivo and to investigate one possible mode of action, namely the effect on N-SMYase.

Our studies were then extended to cultured MDA-MB-231 cells, in which we initially

investigated whether the constituents of fish oil-DHA and EPA-could inhibit breast cancer

proliferation in vitro. Data presented in Figure 3 indicate that both DHA and EPA were

equally effective in inhibiting MDA-MB-231 cell growth. Similar inhibition was not

observed with either oleic acid, an omega-9 fatty acid that is the most abundant fatty acid in

animal tissues, or linoleic acid, an omega-6 fatty acid abundant in common vegetables oils

(see Figure 4), indicating that inhibition is not just a general property of all long-chain fatty

acids. The data presented in Figure 5a indicate that inhibition of cancer cell growth was likely

due to induction of apoptosis by the omega-3 fatty acids.

We further evaluated a possible signaling pathway that may be responsible for regulating

tumor growth by omega-3 fatty acids. Our previous studies suggest that DHA inhibits the
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growth of Jurkat leukemic cells partially through activation of N-SMYase, increased

ceramide formation, and enhanced expression of p21.23 To link the breast cancer studies to

our previous work with Jurkat leukemic cells, we monitored the activity of N-SMYase and

p21 expression both in vivo (nude mice) and in vitro (cultured MDA-MB-231 cells). Results

shown in Figure 2 demonstrate that tumors from mice fed a corn oil (omega-6)-based diet

have considerably lower N-SMYase activity than mice fed on diets containing significantly

higher omega-3 fatty acid levels. Similarly, treatment of cultured MDA-MB-231 cells with

DHA or EPA enhanced N-SMYase activity (Figure 5b), resulting in increased ceramide

formation (Figure 6a) and enhanced p21 expression as analyzed by Western blot and

immuno-histochemical analysis (Figure 6b) and confirmed by RT-PCR (Figure 6c). RT-PCR

in the present study was performed as an extra measure to confirm increased expression of

p21 in the presence of DHA or EPA. Although products generated after 30 cycles do not

indicate a quantitative measure of p21 mRNA expression in these cells, they clearly

demonstrates differences between control and treated cells.

Ceramide-induced activation of cellular N-SMYase-mediated signaling pathways in response

to stress has been previously reported by Hannun et a143 and Kolesnick et al. 44 The N-

SMYase pathway is known to be activated by various factors including heat,

ischemialreperfusion, oxidants, tumor necrosis factor-alpha (TNFq, Fas ligand, vitamin D3,

IL-1, and y-interferon and initiates cellular events leading to cell death or apoptosis. 45,46

Hydrolysis of SM by N-SMYase generates ceramide, a lipid that is regarded as a "universal

component of apoptosis". 4749 About 70% of cellular SM is present in the outer leaflet of

plasma membranes, primarily in lipid rafts, where it probably serves to stabilize rafts by

interacting with cholesterol and phospholipids containing saturated fatty acids. 50",5 Several

studies suggest that N-SMYase is generally localized in plasma membranes. 32,52 Activation

of cells by TNF has been shown to induce translocation of N-SMYase from detergent-

resistant membrane fractions (lipid rafts) to detergent-soluble (nonraft) fractions, resulting in

enhanced activity. 34 In a preliminary study (data not shown), we have also demonstrated that

DHA treatment decreases N-SMYase activity in the detergent-resistant (raft) fractions, while

increasing activity in the detergent-soluble (nonraft) fractions. These results suggest that

omega-3 fatty acids induce changes in the plasma membrane composition and structure of

MDA-MD-231 cells, affecting N-SMYase activity by either translocating the enzyme from

detergent-resistant to detergent-soluble fractions or by directly affecting N-SMYase activity
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(conformational change) in these fractions. While interesting, these results need to be verified

using specific antibodies against N-SMYase, which are under development in our laboratory.

We have previously demonstrated that DHA causes substantial changes in the domain

structure of model membranes and isolated plasma membranes 35 and that incorporation of

DHA instigates cellular changes leading to apoptosis. 23 The experiments reported here

further suggest that the addition of DHA causes visible changes in the plasma membrane as

indicated by the appearance of membrane blebs with externally exposed PS (annexin V

binding) (Figures 7a,b). Furthermore, DHA-induced membrane bleb formation and p21

expression was inhibited by the N-SMYase inhibitor GW4869, indicating that ceramide

generation is involved in this process. In fact, blebbing and externalization of PS are

hallmarks of the execution phase of apoptosis 53 and are believed to be related to ceramide

generation. In agreement with these findings, we observed that the N-SMYase inhibitor also

reduced DHA- and EPA-induced apoptosis (Figure 8).

In conclusion, the data presented here strongly indicate a relationship between the omega-3

fatty acids DHA and EPA, tumor growth suppression, membrane structure, N-SMYase

activity, ceramide formation, p21 expression, and apoptosis. Our results suggest that

modulation of the N-SMYase-ceramide pathway represents a potential pathway for treatment

of breast cancer.
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FIGURE LEGENDS

Figure 1. Fish oil inhibits breast cancer growth in mice. Nude nice were maintained on

corn oil (ma-6/o-3 ratio 72:1), balanced corn/fish oil (o-6/c0-3 ratio 1:1) or fish oil (0O-6/co-3

ratio 0.11:1) diets for 3 wk prior to subcutaneous implantation of MDA-MB-231 cells (1xl06

cells). The animals were then further fed on the corresponding diets for another 3 wk.

Results are representations from six mice in each group.

Figure 2. Fish oil enhances N-SMYase activity and p21 expression in tumor tissues.

Mice implanted with breast cancer cells as described in the legend of Figure 1 were sacrificed

and their tumor tissues were isolated. (a) N-SMYase activity was assayed as described in the

Experimental section. Results are the mean + SEM for three experiments. Results were

analyzed by Student's t-test and one-way ANOVA. Significant differences compared to the

Corn Oil group are reported (*P<0.05). (b) For p21 expression, RNA from tumor tissues

were extracted and RT-PCR was performed to determine the mRNA levels of p21 and

GAPDH (loading control) using the Titan One Tube RT-PCR System as described in the

Experimental section. Negative control (-C) was muscle tissue from a normal mouse; positive

control (+C) was RNA isolated from HCT101 p2 1÷ cells. Results are shown for three tumor

tissues for each group.

Figure 3. Dose dependent effect of omega-3 fatty acids on breast cancer cell growth.

Cells (1 x10 4 per well) were seeded in a 96-well plate overnight and then treated with varying

concentrations of DHA or EPA in serum-free medium for 24 hr. Cell growth was assayed

using a WST-1 assay as described in the Experimental section. Results are the mean ± SEM

for three experiments. Results were analyzed by Student's t-test and one-way ANOVA.

Significant differences compared to the Com Oil-fed group are reported (*P<0.05).

Figure 4. Effect of different fatty acids on cell growth. MDA-MB-231 cells were treated

with 25 piM concentrations of DHA, EPA, oleic acid (OA), or linoleic acid (LOA) and cell

growth was assayed as described in the legend of Figure 4. Results are the mean ± SEM for

three experiments. Results were analyzed by Student's t-test and one-way ANOVA.

Significant differences compared to the control are reported (*P<0.05).
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Figure 5. Effects of omega-3 fatty acids on apoptosis and N-SMYase activity in breast

cancer cells. MDA-MB-231 cells (1 x 106/ml) were grown in 6-well plates and treated with

25 pLM DHA or EPA as described in the legend of Figure 4. Apoptosis (a) was assayed using

a cell death ELISA kit, whereas N-SMYase activity (b) was assayed using an Amplex Red kit

described in the Experimental section. Results are the mean ± SEM for three experiments.

Results were analyzed by Student's t-test and one-way ANOVA. Significant differences

compared to the control are reported (*P<0.05).

Figure 6: Omega-3 fatty acids induce ceramide formation and p21 expression in breast

cancer cells. MDA-MB-231 cells (I X 104/ml grown in 4-well chamber slides or 1 x 106/ml

grown in T75 flasks) were treated with 25 gM DHA or EPA as described in the legend of

Figure 4. Generation of ceramide (a) was determined immunohistochemically using an anti-

ceramide antibody (green fluorescence) as described in the Experimental section. Blue DAPI

staining was used to visualize nuclei. Expression of p21 protein was analyzed by Western

analysis (b) using GAPDH as a loading control as described in the Experimental section,

whereas expression of p21 mRNA was analyzed by RT-PCR (c) as described in the legend of

Figure 3. Results are representative of three experiments in each section.

Figure 7: Effect of omega-3 fatty acids on membrane bleb formation. MDA-MB-231

cells (1 x 104/ml) were grown in 4-well chamber slides and treated with varying

concentration of DHA as described in the legend of Figure 2. Cells were observed under a

microscope using 400X magnification (a). The blebs were assayed for externalized

phosphatidylserine in cells treated with 50 pLM DHA by using an annexin V binding kit as

described in the Experimental section (b). Inhibition of omega-3 fatty acid-induced

membrane bleb formation was observed in the presence or absence of 20 RM GW4869, a N-

SMYase inhibitor (c). Cells were observed under the microscope using 20x magnification.

Results are representative of three experiments in each section.

Figure 8: Inhibition of p21 expression and apoptosis by the N-SMYase inhibitor.

(a) MDA-MB-231 cells (1 x 104/ml) were grown in 4-well chamber slides and then treated

with 25 pM DHA or EPA for 24 hr in the presence or absence of 20 pM GW4869. Cells were

then fixed and expression of p21 was detected using immunohistochemical methods as

described in the Experimental section. Expression of p21 was quantified by densitometric
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analysis using a KODAK Image Station 2000MM (Eastman Kodak Company, Rochester,

NY). (b) MDA-MB-231 cells in 6-well plates were incubated for 24 hr with 25 p.M DHA or

EPA in the presence or absence of 20 p.M GW4869. Plates were centrifuged at 800 x g in a

Beckman J series centrifuge to deposit floating cells at the bottom for analysis and the

supernatant was carefully removed. Quantitative analysis of apoptosis was performed by

using an annexin V staining kit as described in the experimental section. The dead and

necrotic cells exhibit red fluorescence, whereas apoptotic cells fluoresce green. The total and

apoptotic cells were counted and the percentage of cells exhibiting apoptosis was calculated.

Results are the mean ± SEM for three experiments. Results were analyzed by Student's t-test

and one-way ANOVA. Significant differences between groups are reported (*P<0.05).
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Table 1: Experimental Diets

n-6 Diet n-3 Diet

Carbohydrates (% calories) 58.8 58.8

Starch (g/100g) 25.0 25.0

Maltodextrins (g/100g) 5.0 5.0

Sucrose (g/l 00g) 30.0 30.0
Cellulose (g/100g) 5.0 5.0

Protein (% calories) 19.6 19.6

Casein (g/lOOg) 20.2 20.2

DL-methionine (g/100&) 0.3 0.3
Lipid (% calories) 21.7 21.7

Corn oil (g/100g) 10.0 1.0*

Fish oil (g/100g) 0 9.0*

n-6/n-3 ratio 72.5 0.11*
Mineral mix (g/100g) 3.45 3.45

Vitamin mix (g/100g) 1.0 1.0

Vitamin E (g/100g) 0.03 0.03

DHT (g/l 00g) 0.02 0.02

*Differs between diets
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Table 2: Fatty acid composition of dietary oils

Fatty acids Corn oil (%) Fish oil (%)

14:0 8.0

16:0 12.0 17.0

16:1 14.0

18:0 7.0 4.0

18:In-9 22.0 26.0

18:2n-6 58.2 2.0

18:3n-3 0.8 3.0

18:4n-3 3.0

20:4n-6 1.0

20:5n-3 12.0

22:6n-3 10.0

Saturated fatty acids 19.0 29.0

Monounsaturated fatty acids 22.0 40.0

Total n-6 lipids 58.2 3.0

Total n-3 lipids 0.8 28.0

n-6/n-3 ratio 72 0.11
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Table 3: Effect of corn oil and fish oil diets on breast cancer growth in nude mice

Diet Tumor volume Surface area Tumor Weight

(mm3) (mm2) (mg)

Corn Oil 307.7±7.0 76.9±3.2 180±10

Balanced 114.5±17.3* 49.8±7.4* 130±20*

Corn/Fish Oil fed

Fish Oil 75.5±6.9* 38.9±3.3* 90±10*

Results are the mean + SEM for three experiments. Results were analyzed by Student's t-test

and one-way ANOVA. Significant differences compared to the Corn Oil group are reported

(*P<0.05).
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SUMMARY

Most cells, when stimulated with sphingosine 1-phosphate, transiently accumulate

phosphorylated ERK. We previously observed that in endothelial cells treated with

sphingosine 1-phosphate, SU1498, a well-known powerful inhibitor of VEGF receptor 2,

while not interfering with phosphorylation of ERKI/2, prevented the subsequent decrease

in the level of phosphorylated ERK species. As a result, there was a net accumulation of

P-ERK1/2 in these cells. At the same time, the kinase activity of ERK1/2 was inhibited

by SU1498. On the basis of these results we proposed a model of SU1498 action

according to which the inhibitor associates with phosphorylated ERK and renders it

inaccessible to an ERK-specific phosphatase. We now show that this model is correct and

that SU1498 prevents phosphorylated ERK2 from being dephosphorylated by the

phosphatase MKP-1. The inhibitor does not affect the phosphatase itself. We show that

although SU1498 does not promote phospho-ERK accumulation in smooth muscle cells

or breast cancer cells, the kinase activity of phospho-ERKs in whole lysates or

immunoprecipitates from these cells is strongly inhibited by the compound. We further

demonstrate that SU1498 exerts an apoptotic effect on breast cancer cells, a finding

consistent with the essentiality of ERKs in cellular growth and proliferation.

INTRODUCTION

Proliferative and apoptotic events accompanying the cell life cycle are the areas of

intense study. It is the balance between these events that determines the cell's fate.

Broadly speaking, proliferation is stimulated by so-called growth factors, a large group of

substances that includes proteinaceous molecules such as EGF 1, VEGF, PDGF, and
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others. Another group of growth factors includes biologically active lipids such as

sphingosine 1-phosphate (S I P) and lysophosphatidic acid. All these factors interact with

cells through specific protein tyrosine kinase or G protein-coupled receptors (1,2), one of

the most immediate results of the interaction being the activation of MAPK signaling

pathways of which ERKs are a major component (3). The ERKs are activated by dual

(Thr-Tyr) phosphorylation, and can be de-activated through the removal of phosphate

groups by one of a number of dual specificity phosphatases such as MKP-1 and MKP-3

(4-7) or the tyrosine phosphatases HePTP, PTP-SL or STEP (8,9).

Apoptotic events are generally initiated by a variety of stresses and/or DNA

damage. The major routes of programmed cell death are caspase-dependent (10-12),

although there is evidence for caspase-independent pathways (13-15). The caspase-

dependent events can be either extrinsic (responding to death receptor-ligand

interactions) or intrinsic (responding to internal damage and involving mitochondria and

formation of apoptosome) (16). Interference with proliferative pathways can have an

effect of inducing apoptotic responses (17,18), and agents that block MAPK signaling are

known to act pro-apoptotically (19-21). Since our experiments demonstrated that SU 1498

interferes with the functioning of ERKs, we examined the apoptotic activity of the

inhibitor. In the work described here we present evidence that SU1498, originally

described as a specific VEGF receptor 2 inhibitor (22), inactivates ERK1/2, prevents their

dephosphorylation by the phosphatase MKP-1 and promotes apoptosis in breast cancer

cells.
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EXPERIMENTAL PROCEDURES

Materials, chemicals and antibodies - Media components were from Gibco

Invitrogen (Invitrogen Corp., Grand Island, NY) and from Cambrex Bio Science

(Walkersville, MD). Culture flasks and plates were purchased from Fisher Scientific

(Chicago, IL). Precast polyacrylamide gels, electrophoresis buffers and nitrocellulose

membranes were purchased from Invitrogen Corp. (Carlsbad, CA), and Western

Blocking Reagent was from Roche Molecular Biochemicals (Indianapolis, IN).

Sphingosine 1-phosphate was from Sigma Chemical Co. (St Louis, MO) and the various

inhibitors used in this study, including SU1498, were obtained from Calbiochem (La

Jolla, CA). Protein growth factor EGF was from R&D Systems (Minneapolis, MN).

Rabbit polyclonal anti-ERKI/2 and anti-phospho-ERKI/2 antibodies were from Cell

Signaling Technology (Beverly, MA), as was the p44/p42 MAP kinase assay kit that

included activated murine ERK2, the ElkI fusion protein substrate (41 kDa) and anti-

phospho-ElkI antibody. Purified activated murine ERK2 was also separately purchased

from New England Biolabs (Beverly, MA). Active p38WSAPK2a kinase (hereinafter

referred to as p38 kinase) and MKP-1/CL-100 phosphatase were acquired from Upstate

(Charlottesville, VA).

Cell cultures - Human umbilical vein endothelial cells (HUVEC) were obtained

from VEC Technologies, Inc. (Rensselaer, NY) and grown up to no more than passage 10

in RPMI 1640- or DMEM-based medium (Gibco Invitrogen) containing endothelial cell

growth supplement (30 Rg/ml; Upstate), heparin sulfate (2 units/ml), 25 mM glucose, 20

mM L-glutamine, antibiotics (penicillin, 100 units/ml; streptomycin, 100 jtg/ml;
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amphotericin B, 0.25 Rtg/ml) and 20% fetal bovine serum (FBS). When necessary, cells

were starved in the same medium containing 0.5% FBS. Human aortic smooth muscle

cells (HASMC) were obtained from Cambrex Bio Science and were grown up to passage

10 in SMBM medium containing 10% FBS and SingleQuot kit supplement, except that

gentamycin and amphotericin were replaced by the antibiotics listed above. Starvation

was in the same medium containing 0.1% serum.

Cell lines MCF-7 and MDA-MB-231 derived from the human mammary gland

were obtained from the American Type Culture Collection, Manassas, VA. Two

additional cell lines, MCF-IOA and MDA-MB-468, were kindly provided by Linda

Malkas (Indiana University Medical Center, Cancer Research Institute, Indianapolis, IN).

MCF-1 OA is a non-tumorigenic epithelial cell line; MCF-7 is an adenocarcinoma line that

is mildly invasive; MDA-MB-231 and MDA-MB-468 are highly invasive

adenocarcinoma cells. The MDA-MB-231 cells, MDA-MB-468 cells and MCF-7 cells

were grown in DMEM (high glucose) with L-glutamine, 110 mg/l sodium pyruvate and

pyridoxine hydrochloride, and containing antibiotics (penicillin, 100 units/ml;

streptomycin, 100 ýtg/ml; amphotericin B, 0.25 Rig/ml) and 10% FBS. For starvation, the

cells were incubated in the same medium containing 0.1% FBS, except for the

experiment shown in Fig. 6, where no FBS was present. The MCF-1OA cells were

maintained in a medium consisting of 1: 1 mixture of DMEM/F 12, supplemented with 5%

equine serum, insulin (10 gig/ml), EGF (20 ng/ml), cholera toxin (100 ng/ml),

hydrocortisone (0.5 .tg/ml), and the antibiotics listed above. Starvation medium was the
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same except that insulin and EGF were omitted and the equine serum was replaced by

0.1% FBS.

Preparation of cell lysates, SDS-PAGE and Western blotting - Cells grown in

plates or flasks were serum-starved, as indicated, and rinsed with PBS. Following

treatments described in Figure legends, the cells were lysed with the lysis buffer (50 mM

Tris-HCI, pH 7.2-7.4; 1% Triton X-100; 0.5 M NaCI; 0.125% sodium deoxycholate;

0.1% SDS; 10 mM MgCI 2) containing 2 mM NaF, 0.2 mM sodium pervanadate,

aprotinin (20 gg/ml), leupeptin (20 pgg/ml) and 1 mM PMSF. Lysates were mixed with

one-fourth the volume of the 4X electrophoresis sample buffer (Invitrogen) containing

1% mercaptoethanol, heated 5 min at 95 'C, and stored at -80' C until use. Samples of

the lysates were fractionated by SDS-PAGE, proteins transferred electrophoretically to

nitrocellulose membranes, blocked with 10% Western Blocking Reagent in 0.1%

Tween20 in Tris-buffered saline (TBST) and probed with appropriate antibodies. The

signal was detected using goat anti-rabbit or anti-mouse IgG-horseradish peroxidase

conjugates and the ECL-Plus chemiluminescence reagents (Amersham Biosciences,

Piscataway, NJ).

To prepare whole cell lysates suitable for ERK activity tests, the SDS- and

deoxycholate-free lysis buffer provided in the ERK assay kit was used instead of the

buffer described above. The cells were lysed and the lysates were adjusted to the same

protein concentration (approximately 20 jtg of protein per assay). Each reaction mixture

also contained IX kinase buffer, 250 gtM ATP and 400 ng of Elkt peptide in the total
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volume of 40 ýtl. The activity was measured as the ability to phosphorylate Elki protein

that was detected with anti-phospho-ElkI-specific antibody (see below).

ERK and p38 kinase activity assays (purified enzymes) - A kit from Cell Signaling

was used for this purpose. This kit included the kinase buffer, ATP, and the kinase

protein substrate, Elkl, whose phosphorylation was detected with anti-phospho-Elkl

antibody. The active ERK2 or p38 kinase was diluted to 1 ng/gl or 5 ng/gI, respectively,

with the kinase buffer without ATP. Separately, the ElkI protein substrate was diluted to

20 ng/pI with the kinase buffer containing 50 [tM ATP. The ERK2 or p38 kinase solution

was pipetted into tubes (2 gil per tube) and mixed with an appropriate amount of SU1498

or SB203580-iodo (in kinase buffer without ATP). The blank tube received buffer only

(no enzyme). The volume was adjusted to 10 pl with the same buffer and the mixtures

were incubated for 10 min at 250 C. This was followed by the addition of 40 gtl of the

Elkl-ATP-buffer solution, and the incubations continued for 30 min at 30' C. The

reactions were stopped with 20 gl of 4X sample buffer mix and heating at 950 C for 10

minutes. Samples (10 [1) were fractionated by SDS-PAGE and phosphorylated ElkI was

detected by immunoblotting with anti-phospho-Elkl antibody.

Immunoprecipitation assay - The assay was performed essentially as instructed by

the manufacturer. Appropriate cells were grown in T150 culture flasks (2 x 106 cells per

flask) and starved overnight. The medium was siphoned off, and the cells were washed

with PBS and overlaid with 4 ml of DMEM. SU1498 was added to selected flasks for 15

min, followed by SIP (1 ýiM). Where other inhibitors were used, they were added to
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flasks 15 min before SU1498. A control flask was left untreated. After a 10 min

incubation with SIP, the cells were lysed with 0.8 ml of IX lysis buffer provided with the

kit, and the clear supernatants were harvested by centrifugation for 10 min at 15,000 x g

at 40 C. A portion of each supernatant was mixed with one-fourth the volume of 4X

sample buffer mix, heated at 950 C and used to detect phospho-ERK1/2 and total ERK1/2

by Western blotting. The remaining supernatants (in a volume supplying approximately

200-300 [ig of protein each) received a 10-15 Ril aliquot of immobilized anti-P-ERK

antibody, and the suspensions were incubated with gentle agitation overnight at 40 C. The

precipitates were collected by centrifugation and the pellets were suspended in 40 g] of

the kinase buffer containing 200 jiM ATP and 400 ng of ElkI protein. The mixtures were

incubated 30 min at 300 C and the reactions were stopped with 20 Ril of 4X sample buffer

and heated at 95' C. Samples (10-15 jil) were fractionated by SDS-PAGE and

phosphorylated ElkI was detected by immunoblotting with anti-phospho-Elkl antibody.

MKP-1 phosphatase assay - The enzyme activity was measured as the ability to

dephosphorylate P-ERK2. The phosphatase (10 units per assay point) and its substrate

(phosphorylated ERK2, 5 ng per assay point) were incubated in phosphatase buffer (100

mM Tris-HCl, pH 8.2; 40 mM NaCl; 1 mM dithiothreitol; 20 % glycerol) in scaled-up

reactions at 30 C, and the reactions were terminated at indicated times by removing 10 jil

aliquots into 3 [ld of 4X sample buffer followed by heating at 95' C. Where indicated,

SU1498 (20 jiM) was included; either the phosphatase or the P-ERK2 substrate were

preincubated with the inhibitor for 10 min at 250 C before the start of the reaction. The

enzymes without the inhibitor were also preincubated for 10 min at 250 C. The remaining

8
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phosphorylated ERK2 was detected by Western blotting (6 gl samples), using a phospho-

ERK-specific antibody.

Apoptosis assay - Cells were grown in T150 flasks to 80-90% confluence and

rinsed twice with PBS. The cells were suspended by trypsinization, washed by

centrifugation (5 min, 2,000 x g), and inoculated into 6-well plates (5 x 105 cells/well)

containing the appropriate growth medium. The plates were incubated at 370 C in the

atmosphere of 5% CO 2. After 24 hrs, the medium in wells was replaced with either

starvation medium (0.1% FBS) or normal medium. Where indicated, 10 [LM SU1498 was

also included. Following the additional 24 hr incubation, the media were aspirated and

collected in polystyrene tubes. The cells from each well were then suspended by

trypsinization and combined with the appropriate saved medium. After a brief

centrifugation, the cell pellets were washed with PBS and were labeled using the

Annexin-V-FLUOS Staining Kit (Roche). The manufacturer's instructions were followed

throughout. Cells were suspended in 100 RI labeling solution, and the labeled samples

were incubated for 15 min in the dark, after which 200 [d of incubation buffer were

added to each sample to bring the volume up for analysis. Cytometric analysis was

performed using a FACSCalibur flow cytometer (Becton-Dickinson Immunocytometry

Systems, San Jose, CA) equipped with an air-cooled argon laser emitting at 488 nm.

Quantitative analysis was performed on 10,000 events per sample, using CELLQuest

Version 3.1 f software (Becton-Dickinson).
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Mitochondrial membrane potential (Ayo) detection - Cells were plated in Lab-

Tek chamber slides (Nalge-Nunc, Napperville, IL) at a density of 105 cells per chamber

and incubated overnight in appropriate media. The cells were then starved overnight in

the absence or presence of 10 jiM SU1498 and the loss of mitochondrial membrane

potential, A1m, was detected using Apo Logix JC-1 kit (Cell Technology Inc.,

Minneapolis, MN) according to the manufacturer's instructions. The JC-1 dye (5,5',6,6'-

tetrachloro-1,1',3,3'-tetraethylbenzimidazolylcarbocyanine iodide) yields red-fluorescing

(590 nm) aggregates in normal mitochondria but remains in a green-fluorescing (530 nm)

monomeric form in cells in which A•ym has collapsed. The images were obtained with the

help of a Leica DMR fluorescence microscope and the Spot Advance software

(Diagnostic Instruments, Sterling Heights, MI).

RESULTS

SU1498 does not inhibit p38 kinase - In the earlier communication, we

demonstrated that SU1498 enhanced accumulation of phosphorylated ERK1/2 in

endothelial cells in vivo and inhibited the kinase activity in vitro (23). We wanted to

ascertain that SU1498 is not a promiscuous inhibitor of MAP kinases and compared its

action with that of a compound SB203580-iodo, an inhibitor of stress-activated protein

kinase p3 8 (24). As shown in Fig. 1, while SU1498 inhibited ERK2 activity, it had no

effect on the activity of p38 kinase. Conversely, p38 kinase activity was eliminated by

SB203580-iodo, but was unaffected by SU1498 even at 16 [LM concentration.
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SU1498 protects P-ERK2 from dephosphorylation by MKP-1 - Having

established the selectivity of the SU1498 effect, we tested the model of its action that was

proposed earlier for endothelial cells (23). Generally, MAP kinases are regulated by

phosphorylation-dephosphorylation equilibrium (4,25), and there are MAP kinase-

specific phosphatases that control MAPK phosphorylation state. Interestingly, the

expression of some of these phosphatases is the consequence of ERK activation (25,26).

We hypothesized that the inhibitor binds to the phosphorylated ERK and prevents its

dephosphorylation by hindering the access to it by a P-ERK-specific phosphatase.

Alternatively, we considered that the inhibitor blocks phosphatase activity directly, the

net result in either case being an accumulation of P-ERK in cells exposed to SU1498.

We used a dual specificity phosphatase MKP-1/CLIOO, originally described by

Zheng et al. (6), to test the above model. First, we ascertained that in the ERK2 activity

assay we employed, the phosphatase does not promiscuously dephosphorylate the kinase

reaction product, phosphorylated Elk-1 peptide. Fig. 2A demonstrates that, as expected,

adding MKP-1 phosphatase to the reaction mix at time 0 abolished Elk-1

phosphorylation. However, when the phosphatase was added after the reaction had run its

course (30 min), the P-Elk peptide remained phosphorylated even after the additional 30

min of incubation. Thus, the phosphatase does indeed abolish ERK2 activity, presumably

by dephosphorylating the essential Thr-Tyr residues of ERK2 protein.

Fig. 2B shows that MKP-I dephosphorylates P-ERK2 in a time-dependent

manner. The top panel in Fig. 2B compares the activity of untreated MKP-1 with that of
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the SU1498-treated enzyme. It is clear that SU1498 does not interfere with the ability of

the phosphatase to dephosphorylate the P-ERK2 substrate. In contrast (Fig. 2B, bottom

panel), preincubation of P-ERK2 with SU1498 rendered it resistant to dephosphorylation.

Note that in this part of the experiment, a portion of the input P-ERK2 was acted upon by

the phosphatase within the first minute of incubation; this fraction was not protected by

SU1498 against MPK-1 action because the amount of P-ERK in the reaction was too

large for SU1498 to saturate. When SU1498 concentration was raised to 40 ^M,

phospho-ERK2 was well protected (Fig. 2C). These results confirm the validity of the

proposed model.

Different cell lines respond differently to treatment with SU1498 - We observed

previously that - unlike the endothelial cells (HUVECs) - human aortic smooth muscle

cells (HASMCs) did not accumulate P-ERKI/2 in response to treatment with SU1498

(23). This lack of response could be caused by a difference in the manner in which ERKs

are regulated in HASMCs or by the qualitative and/or quantitative distinctiveness of

ERKs in these cells. To address this issue, we tested whole cell lysates from HUVECs

and HASMCs for the accumulation of P-ERKI/2 as well as for the enzymatic activity of

ERK (as reflected in the ability to phosphorylate Elk). Fig. 3 shows that, as expected,

treatment of SIP-stimulated HUVECs with SU1498 resulted in an enhanced

accumulation of P-ERK1/2. In contrast, in HASMCs challenged with SU1498, the level

of P-ERK1/2 showed a small decrease, or no change, depending on the experiment (Fig.3

and reference (23)). When Elk phosphorylation (i.e. the kinase activity) was measured in

the lysates in the absence and the presence of 10 tM SU1498, the enzyme activity in
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each cell type was sensitive to the inhibitor. Note, however, that the inhibition was much

stronger in HUVEC lysates than in HASMC lysates and that the level of phospho-

ERK1/2 as well as the kinase activity of ERK in unstimulated cells was considerably

higher in HASMCs than in HUVECs. We conclude that the absence of an appreciable

effect of SU1498 on HASMCs is not caused by a qualitative distinctiveness of ERKs in

these cells but is related to the phosphorylated ERKs' abundance.

Human mammary gland epithelial cells - We extended these observations to the

four cell lines derived from the human breast epithelium (see EXPERIMENTAL

PROCEDURES). First, we examined phospho-ERK accumulation in these cells. As shown

in Fig. 4, in MCF-10A (a non-tumorigenic cell line), the response to the SU1498

resembled the endothelial cell behavior: phosphorylation of ERKs required the presence

of a stimulus (SIP or EGF), and SU149 enhanced the accumulation of P-ERK1/2. In

contrast, the moderately invasive MCF-7 cells, while robustly responsive to SIP and

EGF, showed no appreciable change in P-ERK1/2 accumulation (Fig. 4 and 5) in the

presence of SU1498. The strongly invasive tumor cell lines MDA-MB-231 and MDA-

MB-468 possessed highly phosphorylated ERK1/2, the level of which was constant,

regardless of the treatment. The elevation of P-ERK1/2 in these cell lines has been

attributed to an autocrine loop involving urokinase plasminogen activator and its cognate

receptor, uPAR (27-30). Again, we ascribe the insensitivity to SU1498 to the presence of

an excess of P-ERKI/2, rather than to some peculiarity in the enzymes themselves.
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That the ERK kinases in the tumor cell lines are qualitatively similar to the ERKs

from HUVECs and HASMCs was demonstrated when we examined the accumulation of

P-ERK 1/2 in whole cell lysates from MCF-7 and MDA-MB-23 1 cells stimulated with

S1P and treated with SU1498, PD98059 (MEK inhibitor) and SB203580-iodo (p38

kinase inhibitor). We also determined the kinase activities of ERKs in

immunoprecipitates from these lysates. As shown in Fig. 5A, treatment of cells with

PD98059 resulted in lowering of the P-ERK1/2 level to that of unstimulated control,

regardless of the presence or the absence of SU1498. Thus, as expected, the functioning

of MEK is necessary for ERK phosphorylation. Interestingly, SB203580-iodo reduced P-

ERK1/2 accumulation in MDA-MB-231 cells but not in MCF-7 cells, a result consistent

with the role of p38 MAP kinase in maintaining elevated P-ERK through the action of

uPA-uPAR autocrine loop in the highly invasive breast cancer cell lines (27-31). In

keeping with these results, ERK activity assays in immunoprecipitates from the above

lysates showed that the kinases are fully sensitive to SU1498, and that the active P-

ERK1/2 species are essentially absent from the immunoprecipitates obtained after

pretreatment of cells with PD98059 (Fig. 5B). Activity was also absent from the

immunoprecipitates of MDA-MB-23 1 cells treated with SB203580-iodo.

SU1498 enhances apoptosis - We noted earlier that extended incubation with

SU 1498 led to detachment and death of cells (23). As the importance of MAPK signaling

pathways in cell proliferation and survival is broadly documented (32-34), and as

SU1498 is an effective inhibitor of ERK1/2, we asked whether the cellular death caused

by the inhibitor follows, at least in part, an apoptotic pathway. We chose to examine
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MCF-7 and MDA-MB-231 human breast epithelial cells. The two cell lines were grown

as described in EXPERIMENTAL PROCEDURES, and then incubated under starvation

conditions (no serum) or in complete media in the absence or the presence of 10 ltM

SU1498. After 24 hrs, the cells were harvested, labeled with the help of Annexin-V-Fluos

staining kit, and analyzed in a flow cytometer. The annexin V-positive cells could be

either apoptotic or necrotic, while propidium iodide (PI) labeling (DNA staining) is

indicative of loss of cell integrity. Thus, cells that are annexin-positive but PI-negative

are considered apoptotic. The results are presented in Fig. 6. Panel A shows that in the

presence of serum SU1498 had little if any effect on cell viability, but the inhibitor was

very cytotoxic when the cells were starved - approximately 75% of cells did not survive

the 24 hr treatment with the inhibitor. In panel B, the proapoptotic effect of SU1498 was

observed in starved cells, but not when serum was present. It is clear that the invasive cell

line, MDA-MB-231, is more susceptible to apoptosis (as defined above) than MCF-7

(approximately 4-fold and 2-fold enhancement, respectively). Additional indication that

SU1498 may act proapoptotically was obtained in an experiment in which the compound

induced the loss of mitochondrial membrane potential, A•m (Fig. 7), an essential step in

the apoptotic process (35). This collapse of Alum (observed in every cell line tested)

indicates that SU1498 may be able to initiate the intrinsic pathway of programmed cell

death.

DISCUSSION

Control of MAP kinase pathways is a critical aspect of cell survival and

proliferation. These pathways are involved in positive and negative regulation of gene
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expression, cell growth and programmed cell death (33,36). In mammalian cells there

exist several distinctly regulated classes of MAP kinases: the extracellular signal-

regulated kinases (ERK1/2), the p38 kinases, the Jun amino-terminal kinases, the less

well characterized ERK3 and ERK4, and ERK5 and ERK7 (3,37). These MAP kinases

are in turn activated by the cognate MAPK kinases, MEK1/2, MKK3/6, MKK4/7, and

MEK5 (37). The relationships between these kinases and the manner in which they are

properly up- and down-regulated are complex and involve multi-protein interactions,

scaffolding structures, and a number of protein phosphatases, all acting in concert to

maintain the balance between differentiation and survival pathways (38). The P-ERK

phosphatases are especially important in fine-tuning of ERK activities because of their

selectivity and specificity (4,8,39-41)

We focused our attention on the effect of the inhibitor, SU1498, on the ERK1/2

activity in vitro and on its actions in vivo on the cells of human vasculature and on

several breast epithelial cell lines. Initially, we noted that HUVECs and human aortic

endothelial cells responded to SU1498 by accumulating phosphorylated ERKI/2 (23). At

the same time, the compound inhibited the enzyme activity. On the basis of these

observations, we postulated that SU1498 prevents dephosphorylation of P-ERK by

blocking access to the accumulated phospho-ERK. Alternatively, the compound could act

by inhibiting a specific phosphatase. In this report, we determined that the first alternative

is largely correct. As shown in Fig. 2, when phospho-ERK2 was incubated with SU1498

and then treated with MKP-1 phosphatase, most of phosphorylated ERK remained
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refractory to the phosphatase action. In contrast, pretreatment of the phosphatase with

SU1498 had no effect on the enzyme's ability to fully dephosphorylate P-ERK2.

The accumulation of P-ERKs in vivo in cells challenged with SU1498 in the

presence of a stimulus (SIP or a protein growth factor) appears to be more of an

endothelial cell exception than a universal rule. Neither HASMCs nor the breast cancer

cell lines we examined showed accumulation of phospho-ERKs under these conditions,

perhaps because of high levels of these phosphorylated kinases to begin with (Fig. 3 and

4). Similarly, human lung fibroblasts and human dermal fibroblasts showed no

accumulation of P-ERKs upon exposure to SU14982 2. Thus far, only the non-

tumorigenic epithelial cell line MCF-1OA resembled HUVECs (Fig. 4). However, in all

cell types we tested, the activity of isolated ERKs in lysates or immunoprecipitates was

sensitive to the inhibitory action of SU1498. Thus, the observed differences between the

cells could be the result of the intrinsic differences in the abundance of phospho-ERKs

(as suggested above), or they could be caused by distinct regulatory mechanisms

involved in maintaining the ERKs in the phosphorylated state. For example, the cells'

complement of phospho-ERK-specific phosphatases may vary depending on the

particular cell type (42), or the enzymes may be compartmentalized in a unique manner

(41). We cannot, of course, exclude the possibility that there are cellular phosphatases

that are not prevented by SU 1498 from accessing the phospho-ERKs; those phosphatases

may, indeed, be instrumental in lowering the levels of P-ERK. Given that there are

countless species of phosphatases in every cell, we simply do not know at this point

which ones might be of relevance.
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Many malignant cell lines possess highly elevated levels of P-ERK1/2 (43-46).

Our results confirm the involvement of p38 kinase in the maintenance of constitutively

high levels of P-ERKs in invasive breast cancer cells, MDA-MB-231 (27,29-31,47) in

keeping with the observed role of p38 kinase in stabilizing the uPAR and uPA mRNA

(31,47). In MCF-7 cells, ERK phosphorylation is inducible and insensitive to SB203580-

iodo; however, in MDA-MB-231, accumulation of P-ERK is much reduced when this

inhibitor is present (Fig. 5).

We have obtained preliminary evidence that SU1498 may act proapoptotically on

invasive breast cancer cells (Fig. 6). When the cells are incubated in complete medium

containing FBS, the inhibitor has no effect on survival. However, under starvation

conditions, SU1498 enhances programmed death, as evidenced by the accumulation of

Annexin V - positive cells. The effect is considerably stronger in MDA-MB-231 than in

the mildly tumorigenic MCF-7 cells. This difference may be the result of the known

absence of caspase 3 from of MCF-7 cells (48,49).

Furthermore, SU1498 acted to dissipate mitochondrial membrane potential, A'tm,

in several cell lines (Fig. 7). Presumably, this should lead to the release of cytochrome c

and activation of caspase 9. The active caspase 9 could in turn cleave and activate the

executioner caspases 3, 6 and 7 (11). This result is not inconsistent with the ability of

SU1498 to block ERK activity because ERK2 is known to inhibit caspase 9 by

phosphorylating it on threonine 125 (50). It is of note that SU1498 is a member of the
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tyrphostin family of inhibitors, some of which have previously been found to affect

mitochondrial activity (51,52).

We do not know whether SU1498 causes the collapse of AVm directly or through

perturbation of the balance between pro- and antiapoptotic proteins of the Bcl family. The

inhibition of ERK activity has been shown to down-regulate the expression of Bcl-2, Bcl-

XL and Mcl-i while leaving intact the expression of apoptosis-promoting proteins Bax

and Bak (53). Thus, it is conceivable that SU1498, by inhibiting ERK activity could

cause the proapoptotic shift in the equilibrium between these proteins. Similar reasoning

may apply to the MAPK-dependent inactivation of the protein Bad (phosphorylated by

ERK on Ser112) and protection of Bid against cleavage by caspase 8 (54). Caspase 8

appeared to be a direct target for MAPK-dependent phosphorylation in lymphatic

leukemia cells exposed to ionizing radiation (55) and in T cells challenged with the TNF-

related apoptosis-inducing ligand (56). In both these instances, the active MAPK pathway

protected the cells from disruption of AVn.

SU1498 is an intriguing compound with a multifaceted mode of action (22,23).

Originally described as a specific VEGF receptor 2 inhibitor (22), this compound

possesses activities that are unrelated to the receptor itself. In our hands, SU1498 effects

on ERKs are independent of the stimulus used, be it SIP, VEGF, PDGF or EGF (23, this

work), and the levels of SU1498 that we have used are at least an order of magnitude

lower than those needed to inhibit EGF or PDGF receptor functioning. In this

communication, we have elucidated the mechanism by which SU1498 prevents
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dephosphorylation of P-ERK1/2 in vitro, showed that different cell lines respond

differently to treatment with SU1498 in vivo (perhaps because of phosphatase activities

refractory to SU1498), and presented evidence that the inhibitor may be able to promote

apoptosis in human breast cancer cells. The ability of SU1498 to exert these effects,

coupled with its anti-VEGF receptor 2 activity (22,57), makes this and related

compounds interesting candidates as cytotoxic drugs that may find application in

biochemical and pharmacological investigations of signaling pathways (58,59).
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FOOTNOTES

1Abbreviations used: HUVEC, human umbilical vein endothelial cells; HASMC,

human aortic smooth muscle cells; FBS, fetal bovine serum; ERK1/2, extracellular signal-
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regulated kinase 1/2 (mitogen-activated protein kinase, MAPK); p38cx/SAPK2, stress-

activated protein kinase; MEK, MAPK kinase; MKP-1, MAP kinase phosphatase 1 (P-

ERK-specific); SIP, sphingosine 1-phosphate; EGF, epidermal growth factor; PDGF,

platelet-derived growth factor; VEGF, vascular endothelial growth factor; uPA, urokinase

plasminogen activator; uPAR, urokinase plasminogen activator receptor; SU1498, VEGF

receptor 2 and ERKI/2 inhibitor; PD98059, MEK inhibitor; SB203580-iodo, p38 protein

kinase inhibitor; PI, propidium iodide; A i4m, mitochondrial membrane potential; SDS-

PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; PBS, phosphate-

buffered saline; TBST, Tris-buffered saline containing 0.1% Tween-20.

2 G. Boguslawski, unpublished observations.

FIGURE LEGENDS

Figure 1. Selectivity of SU1498 action. Purified active ERK2 (2 ng) or p38

kinase (10 ng) were incubated in the kinase reaction buffer without ATP, with or without

the indicated amounts of SU1498 or SB203580-iodo. After 10 min incubation at 250 C,

the Elk-1 substrate (0.8 jig) and ATP (50 jiM) were added and the reactions continued for

30 min at 30' C. Phosphorylated Elk-I was detected by Western blotting.

Figure 2. SU1498 protects P-ERK2 from dephosphorylation by MKP-1

phosphatase. In A, the selectivity of MKP-1 was tested. The indicated amounts of

purified MKP-1 were added to the ERK assay mixtures containing P-ERK (2 ng per

assay) and the Elk-ATP-kinase buffer in the total volume of 50 jll, either at time 0 or

after 30 min of incubation at 30' C. The reactions were stopped with 4X sample buffer
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and 10 [d samples were analyzed for the presence of P-Elk by Western blotting. As

expected, MKP-1 did not dephosphorylate P-Elk. In B, the MKP-1 phosphatase activity

was measured as the ability to dephosphorylate P-ERK2. The assays were performed as

described under EXPERIMENTAL PROCEDURES with 10 units of phosphatase and 5 ng of

phosphorylated ERK2 per assay point. At the indicated times, reactions were stopped and

samples (6 RI) analyzed for the presence of the residual P-ERK2. Note that 2.5 times

more phospho-ERK2 was used in this part of the experiment than in panel A or in Fig. 1,

which explains the incompletely protective effect of SU1498. Under the same conditions,

increasing the concentration of SU1498 to 40 laM prevented the phosphatase from

dephosphorylating P-ERK2 in the course of a 30 min incubation (panel C).

Figure 3. ERKs from human aortic smooth muscle cells are sensitive to

SU1498. T150 flasks were seeded with 2 x 106 cells (HUVECs or HASMCs) and

incubated overnight. After an overnight starvation, cells were washed once with PBS and

overlaid with 4 ml of DMEM. Control flasks received no additions (NT), while cells in

other flasks were challenged with I laM SIP and 10 gM SU1498 (indicated as Cell

treatments at the top and the bottom of the Figure.) SU1498 was added to cells 15 min

before SIP. Following a 10 min incubation with SIP, cells were lysed and samples of

lysates (approximately 20 jig of protein) assayed for kinase activity. The samples were

combined with the Elk-ATP-buffer mixture in the total volume of 40 jil and incubated for

30 min at 300 C. Parallel aliquots of the same lysates received 10 jiM SU1498 at 10 min

prior to the start of the reaction (indicated by a + sign, as appropriate). Note that the P-
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ERK level and kinase activity are much higher in HASMCs than in HUVECs, and that

there is a significant amount of basal activity even in unstimulated HASMCs.

Figure 4. Differences in phospho-ERKl/2 responsiveness to SU1498 in

human mammary epithelial cells. The four cell lines were grown for 24 hrs in 6-well

plates (3 x 105 cells per well) and starved overnight. The cells were rinsed with PBS and

overlaid with 0.4 ml of DMEM. Where indicated, 10 jiM SU1498 was added 15 min

before the cells were stimulated with 1 jiM SIP or EGF (1 ng/ml). The cells were lysed

with 100 pl of lysis buffer, the proteins denatured with 4X sample buffer, and 10 p1

aliquots were analyzed by SDS-PAGE. Phospho-ERK1/2 and total ERK proteins were

detected with appropriate antibodies. Note the excess of ERK1 over ERK2 in MCF-7

cells; the significance of this remains unknown (also see Fig. 5). The asterisks (*) point to

differences between the individual cell lines in response to SU1498.

Figure 5. Phospho-ERKs in breast cancer cells are inhibited by SU1498.

Accumulation of P-ERK (panel A) in tumorigenic cell lines MCF-7 and MDA-MB-23 1

was examined in whole cell lysates, and the kinase activity (panel B) was measured in

immunoprecipitates from duplicate aliquots (300 jig of protein) of each lysate, as

described in EXPERIMENTAL PROCEDURES. Where indicated, 20 jiM PD98059 and

SB203580-iodo were added to cells 15 min before 10 jiM SU1498. Cells were stimulated

with 1 jiM S1 P for 10 min. Following the lysis and immunoprecipitation, the kinase

activity in parallel samples was measured (+/- 10 jiM SU1498). The phosphorylated Elki
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protein was detected by Western Blotting. Note that in every instance SU1498 is

inhibitory, even where the total level of activity is very low.

Figure 6. SU1498 acts proapoptotically on invasive breast cancer cells, MCF7

and MDA-MB-231. To determine the effect of SU1498 on survival, cells were grown in

6-well plates in the presence or the absence of 10 % FBS, with or without 10 RM SU1498

(panel A). The wells were washed with PBS, and the attached cells were harvested by

trypsinization and counted in a hemocytometer. Separately (panel B), cells were grown in

T150 flasks under similar conditions, except 2% FBS was present, where indicated.

These cells were then analyzed for Annexin V (panel B) staining as described in

EXPERIMENTAL PROCEDURES. In each case, 10,000 events were recorded. The cells

showing Annexin V-positive response, but not stained with PI, are considered apoptotic.

Figure 7. SU1498 causes collapse of mitochondrial membrane potential, AVlm.

Cells grown on chamber slides were starved for 24 hrs in the absence or the presence of

10 ItM SU1498, as indicated. Following the treatment, the cells were stained with the

fluorogenic dye JC-1 and examined for green and red fluorescence (530 nm and 590 nm,

respectively). The cells that stain red retain the membrane potential; very few such cells

remain in SU1498-treated preparations.
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Experimental Biology/IUPS 2005: Meeting Abstracts A1693

WOMEN SCIENTISTS' NETWORKING AND fractions. DHA and EPA were both observed to enhance membrane
MENTORING SESSION/RECEPTION (953.1) bleb formation and also induce the expression of p53 and p2l. Blebs

were shown to exhibit outer leaflet phosphatidylserine as assayed by

953.1 annexin V staining. DHA- or EPA-induced bleb formation and
Women Scientists' Mentoring/Networking Session •-apoptosis was inhibited by 40% (P<0..05) in the presence of the N-

WonSeos', Mariee Benore-Para Session SMYase inhibitor (GW4869). In conclusion, our results suggest that
Adele Wa.Chemistry Dinhibition of breast cancer growth in nude mice by fish oil or inhibition

u. Wge, 106 Central ret Wellealey, MA, 02481, of breast cancer cell growth in culture by treatment with DRA and EPA
Ev.eprgent Rofa Dearborn, 4982 appear to be mediated by generation of ceramide through enhanced N-Evergreen Road, Dearborn, !vii, 48128.;-

theY This panel and reception have become a regular feature of the annual SMase activity.
,sed• " meeting. The session is 'intended as a forum for discussionof personal 965.3

elix "i"' histories and strategies for increasing access for women in biochemistry. The Green Tea Compound EGCG Regulates Wnt Signaling through
This year's session will focus on "Programs that Work," provdnthehHEp1eTranscriptaonaleRepressorG
successes in promoting .women in the sciences. Programs that support jiyoung kim"2 , K Eric Paulson2', Amy S Yee' Bioehemistry, Tifts

ate" women in gaining admission to graduate school, in entering the faculty Univ., School of Medicine, 136 Harrison Ave., Boston, MA, 02111,
ranks, and in advancing to leadership positions will be discussed. The 2Cell and Molecular Nutrition, Tufs Univ., 150 Harrison Ave., Boston,
reception following the panel will provide opportunities for forming MA, 02111 5Radiation Oncology, Tufts-NEMC, 750 Washington St.,
.: entoring partnerships. Boston, MA, 02111

Dysregulation of Wnt signaling has been observed in numerous cancers.
,er . MOLECULAR TARGETS IN DIET AND CANCER In bieast cancer, excessive beta-catenin levels are associated with poor

,nto H (965.1-965.8) prognosis. Cyclin Dl, Cox-2, c-MYC and other cancer genes are
nafl .: increased with de-regulated Wnt signaling. Our previous work has
ace "_965.1_ ._ _ _ _identified the HBPI, as a suppressor of Wnt sigiialing, a repressor'of

ace. Inhibitory Effect of Prolongei-Butyrate treatment on Migration these genes, and an inhibitor of G1 progression. Ongoing work has
ar.y and In.vasion of HT1080 Tumor Cells . linked HBPI to suppression of invasive breast cancer. We reasoned
and' Huawei Zeng, Mary Briske-Anderson OF Hum Nutr Res Ctr, USDA, suppressing Wat signaling might be important for.tumor suppression and
tral 2420 2nd Ave No, PO Box 9034, Grand Forks, North Dakota, 58202- for cancer prevention. Using the suppression of Writ signaling as criteria

9034 . for a screen of phytonutrients, the green tea compoutid.. EGCG ((-)-
Butyrate, a normal constituent of the colonic luminal contents, has been epigallocatechin-3-gallate) was the best caindidate. "EGCG has been

i hypothesized that butyrate may inhibit the invasion of tumor calls. The linked to i'reduced risk of cancer in animal models and in hdman breast
present study was to investigate the effects of butyrate on the growth, cancer.

' migration, and invasion characteristics of tumor HTI080 cells. HT1D80 In breast cancer cells, Wnt signaling was inhibited by EGCG* in Adose-
cells cultured in the presence of 0.5 and I' mmol/L butyrate for 14 d dependent manner. While the levels of beta catenin were unchanged,. the
exhibited an inorese in the GI and 02 fractions with a concomitant levels of HBP1 were increased with EGCG. DNA-based siRNA was
drop in the S-phase, thus showing slower cell growth. Interestingly, 0 5 used to knockdown the HBPI protein, and to assess the consequences
:. nd 1 mrol/L butyrate inhibited the migration and invasi6n rate of the for both Wnt signaling and for EGCG suppression. As' exppeced, the
tumor cells when compared with the untreated cells. The protein' aind knockdown of HBP1 conferred- increased sensitivity to Wrnt signaling, i"105 .!.•:" mRNA levels of the tissue inhibitors of metalloproteinase-I (TIMP-l) and higher target gene expression. The HBPI silNA breast dell lines

and TIMP-2 were significantly increased in HT1080 cells cultured with had reduced sensitivity to EGCG in the suppression of Wrnt signaling. In
23,;:.!.!•ii.:•. 0.5 and lmmol/L butyrate. Enzymatic'a~tivities and the sNA addition, EGCG reduced the proliferation and invasiveess that

2 the latent forms of matrix metalloproteinase (MMP), pro-MMP-2 and characterizes invasive breast cancer. Together, these data suggest that
pro-MMP-9, were also increased in HTI080 cells citlturd .with 0.5 and EGCG inhibits Wnt signaling by inducing the HBPl, which could be a
I mmol/L butyrate. In contrast, the active.MMPý2 was detectable by potential new biomarker in future prevention studies for inivasive breast,

Ozmographic analysis in control but hot butyrate conditioned media. cancer (supported by NIH and DOD),.

Collectively, these results demonstrate that prolonged and low-dose ti

- butyrate treatment increases both pro-metastasis .M.-2,.-9 and anti' 6
metastasis TIMP-1, ,-2 expression, and the'net effect of these increases Luteolin Inhibits cell proliferation by Inducing cell cycle arrest in GI tki.

irtf the inhibition of .pro-MMP-2 activasonand of tumor cell and G2/M phases in RT-29 human colon cancer cells
ble tigration/invasion potential. . Do Y. Lira, Jung H Y Park. Life Sciences, Hallym University, Division 01

g 965.2 .of Life Sciences, Hallym University, Chunchon, 200-702, Korea,
9t65. Republic of

his ';. Omega-3 fatty acids attenuate breast cancer growth through Luteolin is a 3i ,4i,5,7-tetrahydroxyanavone found in celery, green
activation of a sphingomyelinase-madiated pathway . pepper and perilla leaf. It has been found to' exsibit antimutagenic,

.. Rafat Siddiqui', Min Wu•', Kevin Harvey', William Stillwelli, Gary antitumorigenic, antioxidant and anti-inflaM atory properties. To
Qf . Zaloga' ', Methodist Research Institute, 1801 N. Capitol .Ave,. examine the effect of luteolin on HT-29 call growth, cells-were cultuiecd
t Indianapolis, IN, 46206, 2, Indiana University-Purdue University, 723 in the absence orpresence of various concentrations of luteolin. Luteolin

- -W. Michigan Street, Indiasnapolis, IN, 46202 . decreased a viable HT-29 cell number 'in a concentration. dependent
by, The effect of fish oils and their active omega-3 fatty acid constituents, manner. The decrease in cell growth was due to an increase in apoptosis
at . do-osahexaenoie acid (DHA) and eieosapentaenoic acid (EPA), were and a decrease in DNA synthesis. A 031 phase arrest was induced within X.

We . investigated on breast cancer growth, In Viva Experiments: Mice were 2 h after addition of 60 •M luteohin. Luteolin decreased phosphorylated
, fd diets that Were either omega-3-rich (fish oil) or omega-6-ric (corn retinoblastoma proteins (Rb) and cydlin DI, • and increised

)ur oil). Three weeks post implantation, the tumor volume and weight hypophosphorylated Rb levels. However, luteolin did not alter cyclin A,
nod decreased significantly (P<0.65) for mice fed the omega-3 diets cyclin E, cyclin-dependent kinase (CDK) 2 or 4 levels. The activities of
J-3 compared to those fed the omega-6 diets. Fish oil also caused increased CDK2. and CDK4 were decreased by luteolin in a time dependent

neutral sphingomyelinase (N-SMYase) activity by 40% (P<0.05) in the manner. A dose-dependent decrease in CDK4 activity was observed
iar " . tumors. In Vitro Experiments: DHA and EPA inhibited growth of within 2 h after the addition of luteolin which correlated with the
iat Z. MDA-MB-231 cells in culture in a dose dependent manner. A decrease in cyclin D1 levels. Luteolin also arrested cell cycle
ire .-- concentration as low as 25- [M, DHA and EPA "inhibited'the growth by progression at G2/M phase following 24 h after the luteolin treatment.
ini. up to 20-25%'o (P<0.05). N-SMYase activity was also increased by 70- Luteolin treatment'did not alter phospho-cell division cycle (CDC)2,
ts 75% (P<0.05) in these cells. In addition, increased ceramide formation total CDC2 or phospho-cyclin BI protein levels. However, cyclin B I
Irt was observed in MDA-23I-MB cultured cells upon DHA or EPA and cdc25C were dose-dependently decreased in concert with increased

treatment. Upon fractionation of tumor cell membranes, DHA was CDC2 activity. We have demonstrated that lutoelin decreases the HT-29
"shown to enhance N-SMYase activity in the detergent-soluble (n6n-raft) cell growth by increasing apoptosis and arresting cell cycle progression
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965 Molecular Targets in Diet and Cancer II
Minisymposium
Tue. 3:00 PM--Convention Center, 6C
Chair: N. Hord
3:00 PM 965.1 Inhibitory effect of prolonged-butyrate treatment on migration and invasion of HT1 080
tumor cells. H. Zeng and M. Briske-Anderson USDA, Grand Forks.
3:15 PM 965.2 Omega-3 fatty acids attenuate breast cancer growth through activation of a
sphingomyelinase-madiated pahway. R. Siddiquil, M. Wu, K. Harvey, W. Stillwell and G. Zaloga
Methodist Res. Inst. and Indiana Univ.-Purdue Univ. Indianapolis.
3:30 PM 965.3 The green tea compound EGCG regulates Wnt signaling through the HBP1
transcriptional repressor. J. Kim, K.E. Paulson and A.S. Yee Tufts Univ. Sch. of Med. and Tufts-New
England Med. Ctr.
3:45 PM 965.4 Luteolin inhibits cell proliferation by inducing cell cycle arrest in G1 and G2/M phases in
HT-29 human colon cancer cells. D.Y. Lim and J.H.Y. Park Hallym Univ., Republic of Korea.
4:00 PM 965.5 Kaempferol induces cell cycle arrest and apoptosis in HT-29 human colon cancer cells.
H.J. Cho, G.T. Kwon and J.H.Y. Park Hallym Univ., Republic of Korea.
4:15 PM 965.6 Use of proteomics to identify a covalent protein target of isothiocyanate cancer
chemopreventives. D.J. Templeton and J.V. Cross Univ. of Virginia.
4:30 PM 965.7 Membrane lipid profiles of exercise-induced weight-control mice. P. Ouyang, H.M. Doan,
D. Vasquez, R. Welti, S-S. Yang and W. Wang Kansas State Univ.
4:45 PM 965.8 Dietary fish oil may decrease colonic cell proliferation by upregulating p27Kip1 level in
actively proliferating cells. M.Y. Hong, N.D. Turner, M.E. Murphy, R.J. Carroll, R.S. Chapkin and J.R.
Lupton Texas A&M Univ.
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Program/Abstract # 965.2

Omega-3 fatty acids attenuate breast cancer growth through activation of a sphingomyclinase-madlated pathway
Rafat Siddiquil, Min Wu', Kevin Harvey', William Stillwell 2, Gary Zaloga' 1, Methodist Research Institute, 1801 N. Capitol Ave, Indianapolis, IN, 46206, 2, Indiana
University-Purdue University, 723 W. Michigan Street, Indianapolis, IN, 46202
The effect of fish oils and their active omega-3 fatty acid constituents, docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), were investigated on breast
cancer growth. In Vivo Experiments: Mice were fed diets that were either omega-3-rich (fish oil) or omega-6-rich (corn oil). Three weeks post implantation, the tumor
volume and weight decreased significantly (P<0.05) for mice fed the ormega-3 diets compared to those fed the omega-6 diets. Fish oil also caused increased neutral
sphingomyelinase (N-SMYase) activity by 40% (P<0.05) in the tumors. In Vitro Experiment. DHA and EPA inhibited growth of MDA-MB-231 cells in culture in a
dose dependent manner. A concentration as low as 25 gsM, DHA and EPA inhibited the growth by up to 20-25% (P<0.05). N-SMYase activity was also increased by
70-75% (P<0.05) in these cells. In addition, increased ceramide formation was observed in MDA-231-MB cultured cells upon DNA or EPA treatment. Upon
fractionation of tumor cell membranes, DHA was shown to enhance N-SMYase activity in the detergent-soluble (non-raft) fractions. DHA and EPA were both
observed to enhance membrane bleb formation and also induce the expression of p53 and p21. Blebs were shown to exhibit outer leaflet phosphatidylserine as assayed
by annexin V staining. DHA- or EPA-induced bleb formation and apoptosis was inhibited by 40% (P<0.05) in the presence of the N-SMYase inhibitor (GW4869). In
conclusion, our results suggest that inhibition of breast cancer growth in nude mice by fish oil or inhibition of breast cancer cell growth in culture by treatment with
DHA and EPA appear to be mediated by generation of ceramide through enhanced N-SMYase activity.
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Neutral sphingomyelinase mediates inhibitory effects of omega-3 polyunsaturation
on breast cancer development. Rafat A. Siddiqui 2'3 , Min Wu', Nargiz Ruzmetov"'

1 13Kevin A. Harvey', , Zachary R.Welchl, Laura Sech', Kim Jackson2, Gary P. Zaloga1',
and William Stillwell2 , 'Cellular Biochemistry Laboratory, Methodist Research Institute,
Clarian Health Partners, Indianapolis; 2Department of Biology, Indiana University-
Purdue University, Indianapolis; and 3Department of Medicine, Indiana University
School of Medicine, Indianapolis, Indiana.

ABSTRACT

The effect of fish oils and their active omega-3 fatty acid constituents, docosahexaenoic
acid (DHA) and eicosapentaenoic acid (EPA), were investigated on breast cancer growth.
In Vitro Experiments: DHA and EPA inhibited the growth of cultured MDA-MB-231
cells in a dose-dependent manner (P<0.05). Neutral sphingomyelinase (N-SMYase)
activity was also increased 30-40% (P<0.05) in the DHA or EPA treated cells where an
increase in ceramide formation was observed. DHA and EPA both enhanced membrane
bleb formation and also induced the expression of p21. Both bleb formation and p21
expression were inhibited by the N-SMYase inhibitor GW4869, which also inhibited
apoptosis by -40% (P<0.05). In Vivo Experiments. Mice were fed diets that were rich
in either omega-3 (fish oil) or omega-6 (corn oil) fatty acids. Three weeks after
implantation of MDA-MB-231 breast cancer cells, tumor volume and weight were
significantly lower (P<0.05) for mice fed the omega-3 diet compared to those fed the
omega-6 diet. Dietary fish oil also caused a 40% (P<0.05) increase in N-SMYase activity
in the tumors. The tumor tissues from fish oil-fed animals expressed elevated p21
rnRNA, whereas tumor tissues from corn oil-fed did not. DHA and EPA also caused a
translocation of N-SMYase activity from plasma membranes to intracellular sites.
The results suggest that inhibition of breast cancer cell growth in culture by treatment
with DHA or EPA and inhibition of breast cancer growth in nude mice by dietary fish oil
is mediated by N-SMYasc translocation from membranes to intracellular sites with
subsequent enhancement in N-SMYase activity.
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2004 Summer Student Research Program
Lecture Series

Most lectures will begin at 7:30 a.m. and end at approximately 8:30 a.m. Lectures will meet in
the Methodist Research Institute Conference Room, Wile Hall 120, unless otherwise indicated.
Please be advised that this schedule is subject to change.

7:30 a.m. MRI ConfRm
Friday, June 4, 2004 Gary P. Zaloga, MD, Medical Director, MRI, "Hypothesis

Development"

7:30 a.m. MRI Conf Rm
Friday, June 11, 2004 Gary P. Zaloga, MD, Medical Director, MRI, "Research

Methdology"

7:30 a.m. Wile Conf Rm
Friday, June 18, 2004 Colin Terry, MS, "Introduction to Biostatistics"

8:00 a.m. DG476 South
Friday, June 25, 2004 Patty Thurgood, "Using EndNote to Create References"

[This class will be a 2-hour lecture (8 a.m. to 10:00 a.m.)]

12 noon Noyes Conf Rm
Tuesday, July 6, 2004 Wade Clapp, MD, Director, Indiana University School of Medicine

MD/PhD Program

7:30 a.m. Wile ConfRm
Friday, July 16, 2004 Steve Miller, PhD, "Writing a Research Paper"

8:00 a.m. MRi ConfRm
Tuesday, July 20, 2004 Group Photo Shoot (Breakfast after in MRI Conference Rm)

7:30 a.m. MRI Conf Rm
Friday, July 23, 2004 Karen Spear, PhD, "Ethical Conduct in Research"

7:30 a.m. MRI Conf Rm
Friday, July 30, 2004 Karen Spear, PhD, "Preparing an Effective Oral Presentation"


